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Summary 


The results of many years of study of radioactive fallout from atmospheric and underground 
nuclear explosions and accidents are summarized in this book. 

The formation of radioactive aerosol particles, the composition of radionuclides and 
their fractionation in nuclear explosions conducted under various conditions are analyzed. 
Much attention is also given to the meteorological aspects of fallout, the modeling of 
the transport of radioactivity, the reconstruction and retrospective analysis of the initial 
radiation patterns from nuclear explosions/accidents and the analysis of radiation exposure 
dose rates to populations. 

A considerable section of the book is devoted to long-term studies of radioactive fallout 
following the Chernobyl accident and special attention is given to the problems of restora¬ 
tion and remediation of lands contaminated as a result of nuclear accidents/explosions. 

The book is based on material obtained directly by the author or through his participation 
in cooperative programs; in addition, a vast amount of material of Soviet (Russian) research 
and that of foreign authors is summarized. An English translation of an earlier Russian- 
language version of this book has been supplemented here by recent results that have 
been published during the past 5-6 years as well as material from special symposia and 
conferences. A new final chapter on remediation of contaminated sites has been added. 

The book is intended for various specialists—geophysicists, ecologists, health experts 
and inspectors, as well as those who are concerned with radioactive contamination of 
natural environments. 
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Preface 


From the time the very first nuclear weapon tests were conducted (in 1945 in the USA 
and in 1949 in the USSR), it became evident that the resulting radioactive contamination 
of the earth’s surface was a serious issue. Further, it became clear that this radioactive 
contamination of the environment presented a danger to populations living outside the 
immediate vicinity of the nuclear test sites. Thus, on a number of islands in the Pacific 
Ocean (USA tests) and in regions contiguous with the Semipalatinsk site (USSR tests), 
the local populations were exposed to nuclear radiation. Nuclear tests conducted at ground 
level are particularly dangerous from the point of view of this radioactive contamination. 

In the early 1960’s, global radioactive fallout increased over vast territories of the earth. 
This arose from the deposition of the longer-lived radioactive products of powerful nuclear 
explosions that had been injected into the stratosphere. Since the signing, in 1963, of 
the treaty on the prohibition of nuclear weapons tests in the atmosphere, in space and 
under water, the quantities of both local and global radioactive fallout have decreased 
substantially. However, not all countries adhere(d) to the treaty. Further, underground 
nuclear explosions were still carried out and when venting of the explosions occurred, 
radioactive material was released to the atmosphere. 

In the early 1970’s, international discussions took place with regard to the possible 
exploitation of the energy created by underground nuclear explosions for peaceful 
purposes, such as for the creation of water channels, improving the output of gas and oil 
recovery and in the mining of minerals. Although many specialists emphasized the positive 
aspects of the use of underground nuclear explosions for peaceful purposes, it became more 
and more evident that the radioactive contamination of natural environments was a decisive 
factor in the rejection of this approach. 

In the second half of the 20th century, several significant nuclear accidents occurred, e.g., 
at the nuclear power station in Windscale (Great Britain), at two nuclear enterprises in the 
Southern Urals (USSR) and at the nuclear power station at Three-Mile-Island (USA). On 
April 26, 1986, the largest accident occurred at the Chernobyl nuclear power station (NPS) 
in the Ukraine, resulting in vast territories being contaminated with radioactivity, about 
135 thousand people being obliged to evacuate their homes and workplaces and hundreds 
of thousands of others being exposed to radiation. 

Thus these events of the past 50 years have heralded the new nuclear era for humanity 
and have resulted in significant increases in the surface contamination of our planet by 
radioactivity. The additional radiation dose to the population from this nuclear radiation is 
comparable to that from the natural radiation background and in some regions it exceeds 
the background values. 

Although populations, especially those residing near nuclear test sites, have always 
expressed their anxiety with respect to increased levels of radiation, the Chernobyl accident 
resulted in a new wave of such anxiety. People have become interested not only in the 
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levels of the radiation that arise directly after a test or an accident but also in the long¬ 
term radiation hazards from the fallout of long-lived radioactive products of explosions 
and accidents, as well as the long-term effects of small radiation doses on human beings. 

A new problem has arisen with respect to the need to conduct retrospective analysis of 
the immediate radiation situation that existed after a past nuclear explosion and/or nuclear 
accident. This problem has arisen not only for zones contaminated after nuclear accidents 
such as those at the Chernobyl NPS or in the Southern Urals but also for zones more 
distant from the sources of contamination. Thus, in the Altai Territory, the program for 
the Altai-Semipalatinsk test site, aimed at an assessment of the radioactive products that 
impacted on the population after the first (1949) and subsequent nuclear explosions in the 
Semipalatinsk region, has been underway for several years. In Russia, similar problems 
have arisen in the Novosibirsk region, in the Republics of Gorny Altai and Tuva and in 
the Arctic regions associated with the Novaya Zemlya test site. During recent years, the 
International RADTEST Project (within the framework of SCOPE) was carried out with 
the objective of assessing the radiation conditions following nuclear explosions conducted 
in different countries. In addition, the program endeavored to assess the effects on human 
health. 

To achieve successful solutions to the problems resulting from local, distant and 
global radioactive fallout after nuclear explosions and accidents and to achieve successful 
retrospective analyses of the radiation conditions from recent observations, we need to 
know the following: 

- the distribution of the exposure dose rate in the atmosphere and in a country, 

- the distribution of radionuclides in natural environments and the nuclide composition 
of the radioactive fallout, 

- the features of formation of the aerosol particle-carriers of the radioactivity and of 
the nuclide distribution of the particles of different sizes formed under different 
conditions, 

- the processes involved in the migration of radioactive products in different zones and 
environments, 

- the external and internal effects of nuclear radiation on human beings. 

In addition, to construct models that are capable of predicting the radioactive contami¬ 
nation of the environment under possible future explosion and accident scenarios (as well 
as for retrospective analyses from current observations), a knowledge of the source of the 
radioactivity, its structure and size, the meteorological situation prevailing at the site and 
time of the event and, subsequently, the dynamics of formation of the contamination in 
various environments are all required. 

This monograph is devoted to a number of these problems, namely, to studies of 
the radioactive fallout composition, the formation of the aerosol particles that transport 
the radioactive products and to the analysis of the external radiation doses resulting 
from nuclear explosions and/or accidents. Problems of restoration and rehabilitation of 
contaminated land areas are also touched upon in the monograph. To solve such problems 
one requires knowledge of the mobility of radionuclides, an understanding of their uptake 
by plants, their transportation within the food chain and finally their uptake by animal 
and/or human organisms. 
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A number of publications have been drawn upon in the writing of this monograph, viz. 
“Isotope composition of radioactive fallout” (Izrael, 1973), “Peaceful nuclear explosions 
and the environment” (Izrael, 1974) and the book (in Russian) “Chernobyl: radioactive 
contamination of natural environments” (Izrael, 1990). “Radioactive fallout after nuclear 
explosions and accidents” (Izrael, 1996a) was also used extensively and includes numerous 
data from investigations of nuclear explosions and atomic accidents in the USSR over the 
past 40 years. Much of the basic data on the nuclear explosions of the 1950’s-70’s, and 
those on the Chernobyl accident in April 1986, are unique and are, as yet, unpublished. 
In 2000, several books summarizing the results of the RADTEST project were published 
but the problems treated in this book were discussed only to a moderate degree. Extensive 
data obtained at nuclear accidents, e.g., the Chernobyl accident, have been included in this 
publication. Some of the data were presented at two recent international conferences held 
in Moscow, viz. “Radioactivity after Nuclear Explosions and Accidents”, Moscow, 24- 
26 April, 2000, and “Radiation Legacy of the 20th Century: Environmental Restoration”, 
Moscow, 30 October-3 November, 2000. 

The first four chapters of the book are devoted to a description of the processes 
determining, and an analysis of the available data on, the radioactive fallout nuclide 
composition from atmospheric (Chapters 1 and 2) and underground (Chapters 3 and 4) 
nuclear explosions, while Chapter 5 relates to nuclear accidents. Approaches to the 
reconstruction of former radioactive patterns are described in Chapter 6 and the analysis 
of radiation dose rates and the methodological basis of aerial gamma-ray surveys 
of radiological patterns following nuclear explosions and accidents are given in the 
Chapter 7. Chapter 8 deals with the remediation of contaminated areas and the mobility 
of radionuclides. 

In conclusion, the author expresses his deep gratitude to all of his colleagues with whom 
he has been fortunate to work in this field and for the opportunity to have been able 
to obtain absolutely new information, sometimes under extremely complicated and non¬ 
trivial situations. 

The author hopes that the book will be useful to specialists working in this field, as well 
as to a wider readership of those who follow nuclear matters. 

The author expresses his deep gratitude to Dr. Nina Zaitseva who translated the major 
part of the text and kindly helped him in editing the final text in English. He also wishes to 
thank translator O. V. Glushko, typist A. V. Gromova and assistant S. V. Gontarev for their 
hard work and dedication in the preparation of this book. 
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Professor Yuri A. Izrael—A Biographic Summary 

of the Author 


Academician Professor Yuri A. Izrael is one of Russia’s and indeed the world’s top names 
in the environmental and nuclear sciences. As the most senior scientist involved in the 
monitoring, behavioural and assessment studies at and around the previously secret nuclear 
weapon tests of the former Soviet Union and at the Chernobyl and other nuclear accidents. 
Professor Izrael has a wealth of unique knowledge and experience of the science of these 
sites of special scientific interest. Indeed, he has himself pioneered much of that science. 

The scientific career of Yuri A. Izrael, Doctor of Sciences (Physics and Mathematics), 
Professor and Member of the Russian Academy of Sciences as well as of a number of 
other academies, has been devoted to nuclear and environmental sciences, meteorology 
and climatology. Graduating in 1953 from the Central Asian State University, he worked, 
at first, in the Geophysical Institute and then in the Institute of Applied Geophysics of the 
USSR Academy of Sciences, where he progressed from junior scientist to Institute Director 
(1969). He defended his Ph.D. (1963) and D.Sc. (1969) theses (in the fields of physical and 
mathematical sciences). 

Since the beginning of his scientific career, Professor Izrael specialized particularly on 
the meteorological aspects of both radioactive contamination and chemical pollution of 
the natural environment. He became one of the first scientists to personally obtain and 
analyze extensive experimental data on the dispersal and behaviour of radioactive products 
after nuclear weapon tests (1954-1974), participating in investigations after accidents at 
nuclear power installations (1957-1986), after the Chernobyl nuclear accident (1986— 
1996), and on transport of chemical products during operations of different enterprises 
(1963-1996). This experience permitted Professor Izrael to encourage and play his own 
part in the development, and then improvement, of transport models for both conservative 
and chemically active admixtures in the atmosphere and thus to develop methods of 
predicting the pollution of natural environments. 

And thus the author’s investigations carried out since 1954 were amongst the first to 
apply meteorology to atomic energy and indeed he created a new direction in Soviet 
meteorology, i.e., the study of the consequences of radioactive fallout after nuclear 
explosions and accidents. These works combined the potential of meteorology for 
solving problems of the environment with his wide understanding of ecology resulting 
in elaboration of methods for calculation and analysis of the transportation and effects of 
pollutants over trans-boundary distances. 

In 1969-1973, Professor Izrael headed the Institute of Applied Geophysics and, in 1978, 
he also created a Laboratory of Environment Monitoring and Climate. By 1990, this 
Laboratory's development and excellent performance was recognized by the establishment 
of the Institute of Global Climate and Ecology. Since the very beginning. Professor Izrael 
has served as Director of both organizations. In the latter, he has developed new concepts 
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of complex monitoring of the environment involving the wide use of hydrometeorological 
information. He has also carried out investigations of the planet’s climate system and ozone 
layer under extreme conditions in the case of global nuclear impacts (nuclear winter). 

Professor Izrael worked as the First Deputy Head and then Head of the Main Department 
of the Hydrometeorological Service, USSR Council of Ministers (1970-1978), and from 
1978 until 1991 he headed the USSR State Committee on Hydrometeorology and Control 
of the Natural Environment. In 1974, Professor Izrael was elected a member of the 
World Meteorological Organization (WMO) Executive Committee and at the Vllth WMO 
Congress (1975-1987) as WMO Vice-President. He served in the latter capacity for 12 
years and in the former for 18 years. In 1978, he participated in the formulation of the 
new concept of the World Climate Program and has since participated very actively in its 
development and improvement, especially in its data collecting aspects and in formulation 
of its “Impact” scientific component. Beginning in 1989, Professor Izrael has also worked 
actively in the new scientific organization, the International Panel on Climate Change 
(IPCC), which, in accordance with a UN proposal, was organized by WMO and UNEP 
to investigate climate change and its effect upon the environment, economics and human 
health. He is now its Vice-chairman. He has, in collaboration with a number of scientists, 
written several books on climate, three of which have been translated into English and 
published in the USA and Great Britain. In 1992, he was awarded the prize and gold medal 
of the International Meteorological Organization. 

His investigations in the field of the radioactive contamination of natural environments 
allowed Professor Izrael to formulate a basis for ecological monitoring of the Earth. His 
book “Ecology and Control of the Environment” was awarded the Sukachev gold medal of 
the USSR Academy of Sciences (1983) for outstanding work in the field of ecology. This 
book was published in both English and German languages. 

In April 1986, in the former USSR, the largest nuclear accident ever, at the Chernobyl 
atomic power station, occurred and it was Professor Izrael who directed the work of 
helicopters and aircraft which carried out the dosimetric and gamma-spectrometric surveys 
as well as, in general, overseeing the whole programme for estimating radiation conditions 
around the site and on studying the movement of polluted air masses. Together with 
specialists of his institute, he developed improved models of radionuclide diffusion in 
the atmosphere after the Chernobyl accident based on the models used previously for 
the aftermath of nuclear explosions and accidents. These results were published widely. 
Later on, he headed the work on mapping the post-Chernobyl radioactive contamination 
over Europe in general. Under his directorship and participation, two important atlases 
(one for Europe, the second for Russia, Ukraine and Belorussia) were published, making 
it essentially easier to resolve the problems related to the consequences of the Chernobyl 
accident. For this activity, he was, in 1990, awarded the Gold Medal (for Chernobyl) of 
the “Ettore Majorana” (Italy) International Centre and, in 1992, he received the prestigious 
UN-UNEP Sasakawa Environmental Prize. He was also awarded some state orders and 
prizes. 

The author is a Member of the International Academy of Astronautics, an Honorary 
Member of the Hungarian Meteorological Society, a full Member of the Russian Academy 
of Sciences and a full member and now President of the Russian Academy of Ecology. 
He has won many national and international awards for distinguished science and has 
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presented keynote lectures in the plenary sessions of many international conferences. In 
1999, he was elected a member of the International Union of Radioecologists. He is 
also Chief Editor of the Russian “Meteorology and Hydrology" Journal which was the 
unique scientific meteorological journal in the Soviet Union and is so now in the Russian 
Federation. 

This book, then, aims to bring to the English-language literature, for the first time, a 
specialized monograph by this most distinguished of scientists, on the theory, based on his 
unique experience of, the monitoring, understanding, modeling and assessment of nuclear 
fallout from weapons tests and accidents. In so doing, this book should be useful both to 
peers who have perhaps studied similar sites outside the former “iron curtain” and most 
importantly to the younger generation of scientists worldwide, who can hopefully learn 
much about the results of phenomena which were extremely important in the 20th century 
but will not, we all hope, be repeated. 
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Glossary of Definitions and Units 


A dose of radiation is determined as the energy of ionizing radiation absorbed by unit mass 
of a medium being exposed to that radiation. The following definitions of doses of ionizing 
radiation which reflect features of the energy transfer to a substance, with consideration of 
the properties of the radiation and the substance irradiated, are widely used in dosimetry 
(both the obsolete special units and new units of the SI system). 

The absorbed dose, D , is the energy transferred by ionizing radiation to a substance 
in some elementary volume, divided by the mass of substance in this volume. The unit 
of absorbed dose is the rad (rad is the abbreviation for “radiation absorbed dose”), equal 
to an energy of 100 erg or 10 7 Joule absorbed by one gram of a substance (100 erg/g 
= 10~ 2 J/kg). In the SI system, the unit of absorbed dose is the Gray (Gy). 1 Gy — 1 
Joule per kg (J/kg). 1 Gy = 100 rad. The rad can serve as the unit of absorbed dose of 
any type of irradiation in any medium. However, difficulties of direct measurement in 
different substances and especially in biological tissue stimulated specialists in dosimetry 
to measure the absorbed dose in an equivalent medium in which measurements are possible 
(in the given case, this is a tissue-equivalent medium, e.g., air). 

The exposure dose (exposure) is a dose stemming from absorption of ionizing radiation 
by the air. It corresponds to the total charge of ions of the same sign appearing in the 
air after complete slowing down of all the secondary electrons which were generated by 
the photons in a small air volume, divided by the air mass in the same volume. The unit 
Roentgen is used for measurements of exposure dose. It is measured by the ionization in the 
air using ionizing chambers or other air-equivalent instruments. The Roentgen, R. is a unit 
of absorbed dose in air of X-radiation or p-radiation such that the corpuscular emission 
(i.e., electrons) associated with this dose generates in 0.0012930 g of air mass (at 0 °C 
temperature and a pressure of 1013 hPa) ions carrying a charge of one electrostatic unit 
(e.s.u.) of electricity. 

Hence the absorbed dose expresses the absorbed energy of the irradiation, while the 
exposure dose expresses the energy transferred to the charged particles. They are equal to 
one another only under conditions of electron equilibrium (balance), i.e., under conditions 
when the absorbed energy of the irradiation in some volume of a medium is equal to the 
total kinetic energy of the ionizing particles formed within the same volume. 

The generation of one pair of ions (p.i.) in air needs, on average, the expenditure of 34 eV 
of energy (within the 10 keV-3 MeV radiation energy range). One electrostatic unit of 
charge corresponds to 1 : 4.8 x 10~ 10 = 2.08 x 10 9 p.i., from which the energy equivalent 
of the Roentgen is equal 2.08 x 10 9 x 34 = 7.07 x 10 10 eV = 0.114 erg (per cm 3 of air). 
In this case, 1 g of air absorbs 88 erg or 5.39 x 10 13 eV. 

The Roentgen is a special unit of the exposure dose. 1 R = 0.258 mC/kg. In the 
SI system, the Roentgen is measured in C/kg units. Note that all definitions of the 
Roentgen include the work of ionization which is determined by experiment, on average 
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being 34 eV per pair of ions. This leads to the energy equivalent of the Roentgen being 
approximately 88 erg/g [1]. With this energy equivalent (88 erg/g) for air, 1 rad = 1.136R 
and 1 R = 0.88 rad. The energy spent by electrons or X-radiation in formation of one pair of 
ions has been estimated by different authors for different ranges of energy of X-radiation, 
y-radiation and electrons within the interval 33.4-34.2 eV [4] and these can lead to slightly 
different equivalents of the Roentgen. For example, paper [3] presents a value of 87.3 erg/g. 

To determine the energy absorbed by a biological tissue, a unit called the “ tissue 
Roentgen ” or the physical equivalent of the Roentgen was used earlier (one “tissue 
Roentgen” is equal in value to the energy absorbed by tissue at a point with a measured 
exposure dose of 1 Roentgen). One “tissue Roentgen” corresponded to an absorbed energy 
of 93 erg/g of tissue [5]. 

When determining a value for the biological effect on a tissue or organ caused by 
different types of nuclear radiation (i.e., the ultimate hazard to human health), it was found 
that, for the same absorbed dose from different radiation types, the damage can be rather 
different and distinct. This led to the necessity to introduce the concept of the equivalent 
dose. The equivalent dose, H, is the absorbed dose, D, in a tissue multiplied by an average 
coefficient for the quality factor, k (a weighting coefficient), of the ionizing radiation in a 
given volume of biological tissue, i.e., H — Dk (for X-, y- and /3-radiation, k = 1.0, while 
for a-radiation, k = 20). The special unit for the equivalent dose is the rem. The rem is a 
unit of absorbed dose, expressed in rads (100 erg/g), multiplied by the quality factor of the 
radiation. In the SI system, 1 rem — 10~ 2 Sievert. 

Sometimes one can find in the literature the unit “ Roentgen-equivalent-man ” [2], In this 
case, the energy equivalent for the X-, y- and /1-radiation amounts to 88 erg/g [1], In the 
Russian literature, the term “ biological equivalent of Roentgen" (ber) exists with the energy 
equivalent 88 erg/g [5], In the SI system, the unit of equivalent radiation dose is the Sievert, 
Sv. 1 Sv = 1 J/kg with the quality factor of the radiation equal to 1.0. Under this condition, 
1 Sv = 1 Gy or 100 rad. 

The effective dose is a dose corresponding to the sum of the products of the equivalent 
doses in all organs and tissues of a body multiplied by corresponding weighting coefficients 
for the same organs and tissues (it is used for biological purposes). In the SI system, the 
unit of effective dose is the Sievert. 

Below we indicate some additional important definitions and units: 

- A dose rate is the rate (possible or real) of absorption of the dose per unit time, 
for example: Roentgen/hour (Rhr -1 , mRhr -1 , pRhr' 1 ); Sievert/hour (Svhr' 1 ), 
cSv hr' 1 = 1 R hr -1 , etc. A Roentgen/hour is an energy of 88 erg/g absorbed by the 
air during 1 hour in the course of formation of the charges of ionizing particles, as 
determined for the Roentgen (see above). 

- The activity , A, of a radioactive substance is the number of spontaneous nuclear 
transformations, d N, in this material in a small time interval At, divided by this 
interval, A = AN/At. 

- The density of radioactive contamination of a (land or other) surface is the value of 
activity per unit area of the surface (for example. Curie/km 2 . kBq/m 2 . etc.). 

At a level of 1 m from an ideal flat isotropic source with a contamination density 
of 1 Ci/km 2 of gamma-radiating radionuclides ( 137 Cs + 137m Ba), a field of radiation is 
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Table 1 

Comparison of irradiation dose and activity units (older and SI systems) 



New name and 
notation 

The same 

in other 

SI units 

Old special 
unit and its 

notation 

Conversion factor 

Inverse 

conversion factor 

Exposure dose 

- 

c/kg 

Roentgen (R) 

1 C/kg ~ 3876 R 

1 R = 88 erg/g 

Absorbed dose 

Gray (Gy) 

J/kg 

rad (rad) 

1 Gy = 100 rad 

1 rad = 10~ 2 Gy 

Equivalent 

dose 

Sievert (Sv) 

J/kg 

rem (rem) 

] Sv = 100 rem 

1 rem = 10~ 2 Sv 

Activity 

Becquerel (Bq) 

s' 1 

Curie (Ci) 

1 Bq = 2.7 x 10“" Ci 

1 Ci = 3.7 x 10 lo Bq 

Density of 
radioactive 
contamination 

Becquerel/m 2 
(derivative unit) 

s-' m- 2 

Curie/m 2 

(Ci/m 2 ) 

1 Bq/m 2 = 2.7 x 10~ n 
Ci/m 2 

1 Ci/m 2 

= 3.7 x 10 10 Bq/m 2 
= 3.7 x 10 7 kBq/m 2 

Concentration 
of radioactive 
contamination 

Becquerel/m 3 

s -'r 3 

Curie m 3 
(Ci/m 3 ) 

1 Bq/m 3 = 2.7 x 10“" 
Ci/m 3 

1 Ci/m 3 

= 3.7 x 10 10 Bq/m 3 


created with a dose rate of 10 p.R/hr (micro-Roentgens per hour) or (in SI units) above 
a contamination density of 1 kBq/m 2 , the corresponding absorbed dose rate amounts to 
23.8 nGy/hr. 

Units of activity 

The Curie is a special unit of activity, Ci. 1 Ci = 3.7 x 1() 10 nuclear transformations 
(decays) per second. 

The Becquerel, Bq (in the SI system) is one nuclear transformation (decay) per second 
or 0.027 nCi. 

For tritium: 1 tritium unit (TU) (tritium ratio TR) is the unit of tritium concentration, i.e., 
1 atom of tritium per 10 18 atoms of hydrogen, 1 TU is equal to an activity of 0.118 Bq/kg 
of water. 

When carrying out a radiometric survey in a radioactive fallout zone, the most used units 
(or their fractional values), in both the early and SI systems, are as shown in Table 2. 

We present here such a detailed description of the definitions and units used in dosimetry 
over the last 50 years in order to explain how these definitions and units have been used in 
this book, how they should be correctly understood and what units should be used, bearing 
in mind the problem of the new units introduced with the SI system. It is necessary to 
emphasize that this book is the generalization of a large body of material accumulated on 
radioactive fallout over a period of more than 50 years (since 1949, in fact). Many real 
data were obtained at explosions and accidents of the 1950’s and 1960’s and these are now 
absolutely unique (i.e., were only once published in special reports or papers). So, the units 
used were related to this period. Whether we can now recalculate these data and present 
them in new units, for instance in the SI units, is a great question? 
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Table 2 


Parameter 

Obsolete units 

New SI units 

Exposure dose 

Exposure dose rate 

Roentgen (R), mR, p.R 

R/hr, R/s, mR/hr, p.R/hr, niR/s 


Absorbed dose 

rad, mrad. urad 

Gy. cGy = 1 rad. nGy 

Absorbed dose rate 

rad/hr, mrad/s, ntrad/hr, urad/hr, mrad/s 

Gy/hr, cGy/hr. Gy/year 

Equivalent dose 

rem, mrem 

Sv, cSv = 1 rem 

Equivalent dose rate 

rem/hr, rem/s, mrem/hr 

Sv/hr, cSv/hr, Sv/year 

Activity 

Ci, mCi, (i.Ci, nCi 

1 Bq, kBq, MBq 

Density of radioactive 
contamination 

Ci/km 2 , Ci/m 2 , mCi/km 2 , pCi/m 2 

1 Bq/m 2 , kBq/m 2 , MBq/km 2 

Concentration of radioactive 
contamination 

Ci/km 3 , Ci/m 3 . mCi/km 3 , pCi/cm 3 , 
nCi/cm 3 , pCi/cm 3 

1 Bq/m 3 , kBq/m 3 , Bq/cm 3 . kBq/m 3 


Note: c is centi (" 10 2 ), m is milli (10 3 ), q is micro (10 6 ). n is nano (10 -9 ). p is pico (10~ 12 ). k is kilo (10 3 ), 
M is mega (10 6 ). Other abbreviations used later in this book are: G is giga (10 9 ). T is tera (JO 12 ), P is peta (lO 1 ^) 
and E is exa (TO 18 ). 


It is also necessary to note that this book is a physical and geophysical book on 
radioactive fallout. It is very useful for biologists as well but it is not a biological book; 
this is why we have rarely used here units like rem or biological equivalent of Roentgen, 
though at the present time, the most-used units for evaluating doses and dose rates (as well 
as for estimating external dose on a land site and internal dose to man) are the SI system 
units, i.e., Sievert, which is the biological equivalent of the absorbed dose in rad units. 

In the 1950’s-1960's, the main unit used in dosimetry was the Roentgen (R) or mR, pR 
(to measure doses), and R/hour, mk/hour, pR/hour to measure dose rates. The Roentgen 
unit is a very convenient unit for a measurement as, in this case, the exposure dose can be 
measured directly by an ionizing chamber (via the electric charge) or any other instrument 
with an air-equivalent sensor calibrated by the ionizing chamber (these instruments were 
called Roentgen-meters). An important and historic example of such measurements was 
the dose rate measurement mission immediately after the Chernobyl accident. A large 
official group of specialists (headed by the author) measured the dosimetric characteristics 
in the area using air-equivalent Roentgen-meters. But many geologists (and the scientific 
community at large) had “Crystal” (or “SRP”) instruments in which the detector of the 
radiation was a Nal(Tl) scintillator, i.e., obviously non-air-equivalent but sensitive to 
the gamma-radiation for geological survey work. Having been calibrated for a single 
source of gamma-radiation ( 60 Co or l37 Cs), this equipment showed similar data to the air- 
equivalent instrument during measurement of point sources at a close distance. However, 
in the case of land contamination (when intense scattered “soft” radiation appeared) the 
“Crystal” instrument showed an excessive “dose” (2-4 times larger) and this caused many 
misunderstandings (the dose measured by the population at large exceeded by several 
times that obtained by the official survey). In this case, a special decision of the State 
Commission, headed by the President of the USSR Academy of Sciences, academician 
A. P. Alexandrov (a famous specialist in the field of nuclear energy), was needed in order 
to solve this problem quickly and supporting the use of the air-equivalent instruments. 
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In the context of the above, therefore, we should note here that the primary data on doses 
and dose rates presented in this book in maps and tables and in the text itself are given first 
in the form in which they were actually obtained so that we could avoid the introduction of 
errors in the process of conversion of the units used into those in the SI system. This is why 
we retain in the book the primary dose notation in Roentgens, the dose rates in R/hr, R/year, 
mR/hr, pR/hr, etc. and in some sections we use the units “rad” and “rem”. When doing this, 
we indicate that 1 Roentgen = 0.88 rad (1 rad = 1.136 R) and, when converting into the 
SI system, 1 rem = 0.01 Sv = 1 cSv; 1 rad = 0.01 Gy; 1 Gy = 100 rad (if k = 1.0). In 
tables which present values of activity, the data have generally been converted from Curie 
units into Becquerels (Bq, kBq, MBq, etc.). 

In most cases throughout the book, however, in order to make the data and the scientific 
content as intelligible as possible to both young and old, we have either provided handy 
conversion factors in the relevant places or we have presented the data in both systems of 
units, the secondary data in parentheses. We hope that you will now be able to follow the 
story without too much confusion! 
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1. Major Processes Influencing the Character of Radioactive Contamination after 
a Tropospheric Nuclear Explosion 

The ensuing contamination of the environment by radioactivity following a tropospheric 
nuclear explosion results from the spread of the explosion’s radioactive products in the 
atmosphere and their subsequent deposition on the surrounding areas. The radioactive 
products are formed, either as a result of the nuclear fission or fusion of the fuel or by 
the interaction between the neutrons generated by the explosion and the device material 
(including the fuel) and the environment. They are also composed of radionuclides (tritium, 
uranium and plutonium isotopes, etc.) that were originally contained in the device itself 
before the explosion, as well as their transformation products. 

The scale of the radioactive contamination of the environment is a product of the 
amount of radioactive products released into the atmosphere by the explosion and the 
degree to which they are dissipated in the atmosphere. The processes that occur during 
the first few seconds after an explosion essentially control the characteristics of the 
radioactive contamination (and its nuclide composition). These processes depend, in turn, 
upon the nature of the environment where the explosion is conducted and the parameters 
of the explosion itself. Prevailing meteorological conditions influence only the degree and 
character of the dissipation of the explosion products, i.e., their concentration, but the 
qualitative composition of the products depends largely on the abovementioned processes. 

Of most importance (from the point of view of radioactive contamination of the 
environment) are the explosions conducted in the atmosphere, as well as some types of 
underground and underwater explosions. Atmospheric explosions can be at ground level 
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(at the earth’s surface), near-surface level (at low elevation), in the air (at an elevation 
exceeding the fireball radius) and in the upper atmosphere (stratosphere) and/or in space. 
Ground and underground cratering explosions are of primary importance from the point 
of view of land contamination. A characteristic feature of this list of explosions is the 
localization of the radioactive products within a clearly bounded region (e.g., the fireball 
after an atmospheric explosion and the cavity after an underground explosion) within the 
first seconds after the explosion. During this time period, the distribution and fixing of the 
radioactive products take place in the inert environmental material located in the immediate 
area of the detonation. This can give rise to the possibility of further spread of the different 
radionuclides within the environment either as separate atoms/molecules or combined with 
particle-carriers generated from inert material. 

A complicated assemblage of physical and chemical processes, occurring from the first 
few seconds after the explosion both in the fireball and the cloud simultaneously with the 
transformation of the radioactive nuclei of the explosion products, exert a major influence 
on the radionuclide composition of the various materials (particles, molecular groups). This 
can lead to fractionation of the radioactive products. 

The radionuclide fractionation starts when the evaporated matter condenses, resulting 
in the selective capture of isotopes of certain elements by the liquid phase at the time of 
radioactive particle generation. This arises because the different products (or their oxides) 
have different saturated vapor pressures at the same temperature and nuclides belonging to 
the same mass chain at different stages of particle generation can as a consequence occur in 
the form of different chemical elements with different properties as a result of radioactive 
transformation. The most refractory elements are condensed within liquid particles of the 
ground, or any other local, material and are distributed within these particles, while the 
more volatile elements condense later, often after solidification of these particles. It would 
appear reasonable that the large particles that leave the radioactive cloud earlier than the 
small ones would thus be enriched in refractory nuclides, whereas the smaller particles 
would be enriched in volatile species (or by those having gaseous or volatile precursors in 
a transformation chain). In this connection, it is obvious that radioactive contamination of 
the environment will be largely controlled by the nuclear and physico-chemical processes 
occurring in the fireball or explosion cavity, as well as by the amount and properties of the 
environmental material in this zone (or situated at its boundary). Below we consider the 
processes which determine the radioactive contamination from an atmospheric explosion, 
this chapter being based on a similar section (written in Russian only) contained in the 
book “Isotopic composition of radioactive fallout” (Izrael, 1973). Underground explosions 
are discussed in the next chapter. 

To arrive at a quantitative estimation of the fractionation of different radionuclides 
and the activation of particles within the ongoing complexity of physico-chemical and 
nuclear processes taking place in a nuclear explosion, the factors of primary importance 
to be considered are the temperature regime within the fireball, the types of explosion 
products and inert material, the thermodynamic conditions in the explosion zone and the 
thermal/physical properties of the materia! involved in this zone. 
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2. Temperature Regime in the Fireball of a Tropospheric Nuclear Explosion 

As a result of the rapid and enormous energy release within a limited space during 
a nuclear explosion, the neighboring matter is heated to a temperature exceeding 
millions of degrees and a “hydrodynamic front” that is formed at the boundary of the 
heated zone moves from the explosion center outwards with a velocity of hundreds of 
kilometers per second. In the initial stages, energy transfer takes place faster through 
irradiation than through linear transfer by the moving mass. However, as the temperature 
drops, the irradiation flux falls and energy transfer by this mechanism diminishes. By 
approximately one millisecond after the explosion, a shock wave crosses the irradiation 
front (“hydrodynamic separation” takes place). At this moment, the outer part of the sphere 
consists of luminous heated air and the fireball appears. The fireball increases in size 
due to the intense irradiation and the material flying apart. The surrounding air becomes 
entrained and these processes lead to a temperature drop. The inner part of the fireball is 
practically isothermal with the luminous air screening the inner isothermal sphere. Several 
milliseconds later, the minimum temperature is recorded at the surface of the fireball (about 
2000 K). After the shock wave front becomes transparent for irradiation of the isothermal 
sphere, the effective temperature of the fireball itself rises to 7000-8000 K (the second 
and final maximum) and then falls as a function of time (at that moment the temperature 
outside and that of the isothermal sphere are the same) the temperature drop being best 
described by a power or exponential function (Glesston, 1966; Storebo. 1964). According 
to Freiling (1965), using Hillendal’s calculations, the rate of fireball cooling as a function 
of time t or temperature T after the second maximum can be written as 

=776W°- ,0 r _l - M %3 x 10“" 1T“ H3 7’ 4 , (1.1) 

df 

where W is the explosive yield, in kilotons (kt). 

Equation (1.1) describes the rate of cooling mainly due to the radiation process at 
a temperature exceeding 2000 K. At lower temperatures, the cooling rate is influenced 
considerably by other processes, especially the entrainment of cooler air. Storebo (1964) 
calculated the temperature change in a fireball and the radioactive cloud at the initial 
stage of its generation in an atmospheric nuclear explosion. In his study, in addition to 
radiation, he took into account the process of mixing of the contents of the fireball with 
the ambient air, and heating due to nuclear radiation absorption, as well as the dissociation 
energy release. Unfortunately, since the rate of air incursion into the fireball is unknown, 
Storebo conducted calculations for rates from I to 10 m/s. Figure 1.1 shows the temporal 
changes in the fireball temperature, calculated from Hillendal’s formulae (curve 1), and 
also the changes in the cloud temperature from the time when its temperature was equal to 
2000 K to the time of cloud stabilization (8-10 minutes after the explosion) as calculated 
by Storebo for air entrainment rates of 1,3 and 10 m/s (curves 2, 3 and 4, respectively) and 
an explosion of 20 kt. 

On average, for an explosion of 20 kt (for t > 4 s, curve 5), 

T(t) =4000^ a588 (r <40 s), (1.2) 
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T(t) — 2183/ -0 ' 374 (t > 40 s). (1.3) 

In these calculations, it was assumed that the cloud had a toroidal shape and that the 
temperature in the inner part of the toroid can decrease more slowly than described by 
formulae (1.2) and (1.3). For comparison. Fig. 1.1 also shows the relationship between 
the fireball temperature and time, as obtained using the suggestions of Glesston (1966) 
(curve 6) and Lavrenchic (1965) (curve 7). It follows from the figure that values of T(t) 
obtained by these authors essentially differ from one another. This observation may be 
explained by the fact that the authors, in carrying out their calculations, did not take 
into account all the processes occurring in the fireball. Because of a lack of reliable 
experimental data, many of the suggestions of the authors are probably unjustified or 
rather approximate. We believe Storebo’s study (1964) to be the most relevant since it 
takes into account a large variety of processes occurring in the fireball. However, it too has 
considerable uncertainty associated with the rates of air entrainment into the fireball. Later 
we will use the curve obtained by Storebo for an entrainment rate of 3 m/s (curve 3). 
It should be noted that virtually none of the authors mentioned took into account the 
role of inert material in calculating the temperature variation of the fireball apart from 
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an indication in Storebo (1964) that, if the fireball from a 20 kt explosion contained 1 t 
of iron then the temperature drop would be delayed by 0.016 s due to liquid iron oxide 
formation. 

An effort has been made by the author to take into account the influence of inert material 
involved in the fireball upon the change in temperature, with factors such as heat capacity, 
heat of evaporation and melting, and dissociation energy being considered. It is essential, 
in ground-level explosions, where a considerable amount of earth is incorporated into the 
fireball that this factor be considered. Figure 1.2 shows the change in temperature with time 
T (?) during a ground-level nuclear explosion when these factors are taken into account. 
The presence of inert material slightly decreases the temperature in the fireball and delays 
the time that temperatures in the range 1700-3000 K exist in the fireball. This range is 
of primary importance in calculations of radionuclide fractionation. The author (1973) 
calculated the delay period in the temperature drop due to incorporation of inert material. 

In Fig. 1.2, curve 1 corresponds to curve 6 in Fig. 1.1 and curve 2 to curve 3. In the 
sections marked I of curves 1 and 2, the existence of inert material practically does not 
influence the temperature regime of the fireball. In sections II, the temperature change is 
simularly caused by condensation, calculated using 25 t of earth per kt of explosive yield— 
curve B, and by the release of dissociation energy—curve C. In sections III, the effect of 
the release of the ground melting heat on the temperature change is shown (calculated 
using 200 t of melted ground per kt). In sections IV, we can see that the influence of inert 
material (as well as on section I) is practically negligible. 

The delay period, td e i, calculated by the author (1973) for the temperature regime of the 
fireball, as shown by curves 6 and 3 in Fig. 1.1, amounts to 0.6 and 1.6 s (when W = 20 kt), 
and the period for particle solidification after the explosion (when T\ = 1673 K) is equal to 
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P°(T)/T, atm/K 



Fig. 1.3. The relationship between saturated vapor pressure p}\T)/T and temperature T for refractory elements. 


3.5 and 7.2 s, respectively. (This is close to the value of t\ = 6 s, calculated by Miller for a 
ground explosion of 25 kt as reported by Freiling et al. (1964).) 

When calculating the following values were used at T 2000 K: £ eV ap = £dis % 
2000 cal/g, £ me it = 92 cal/g (£ e vap> £dis and £ me it are latent heats of evaporation, dissociation 
and melting of ground material), c p ^0.15 cal/(g°C) (Johnson, 1959), specific heat 
capacity of ground, c p ^0.3 cal/(g°C) (Onufriev, 1967); T eva p(0> rate of evaporation 
(condensation) of the ground mass, was obtained by differentiation of the function 

Mevap P'grP% r (T)V ^ 

4/evap + (Wmelt RT 

where M evap and M me i t are the amounts of evaporated and melted ground-derived material, 
AF ev apA^evap + A/ me it) = 1/9; /r gI - is the relative molecular mass of the ground material 
(for SiC >2 % 60), V is the fireball volume at the moment of particle solidification; R is 
the gas constant; P { J r (T) is the relation between the saturated vapor pressure of Si02 over 
liquid SiO and T (also taking dissociation and SiO into account). The relation P® V (T)/T 
is presented in Fig. 1.3 on the basis of reference book data (Glushko, 1962) for SiC> 2 . 

The calculations did not consider the heat inertia of ground particles (it was suggested 
that v{t) — i/(f)) but this did not change significantly the value of tdei- This problem is 
discussed in Section 1.3. 
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If the volume within which the ground condensation takes place is smaller than that of 
the fireball, the delay time will not change. The delay will not be related to the fireball as 
a whole, however, but only to the indicated volume (“screening” which Storebo discussed 
in 1964 will occur). 


3. Formation of Particle-carriers of Radioactivity. Role of Thermodynamic 

Conditions in the Fireball 

Immediately after generation, a fireball begins to rise mainly by Archimedean forces 
as a result of the differences in density between the inside and outside of the fireball. 
Rotational circulatory movement appears very quickly in the rising mass of heated gas 
under frictional forces (Onufriev, 1967). The volume takes on the form of a toroid, within 
which the air rotates around a horizontal circular axis line and a circulating flow appears 
outside. As a result, an element of the vortical circle is affected by Zhukovsky's force, 
directed perpendicularly to the velocity of the elementary circular movement. The circle 
is thus slightly stretched under this force. Over several seconds, a maximum rise velocity 
is reached and then the velocity decreases. Due to intensive mixing of the cloud content 
with the surrounding cool air, the angular velocity of gas rotation decreases, resulting in 
the reduction of the outer flow circulation. 

If the explosion is carried out near the earth’s surface, the upper ground layer evaporates 
and fuses under the heat and the air layer is warmed due to the radiation, thus promoting 
the appearance of an ascending flow at the epicenter. In addition to the glowing air 
and atmospheric moisture, the fireball, and then the cloud, contain evaporated (or fused) 
material of the nuclear charge and the surrounding earth, the latter comprising crushed 
grains or clusters of the original ground material. 

As the temperature of the fireball and cloud falls, the evaporated explosion products 
begin to condense, generating radioactive particles in air explosions. When ground and 
near-surface explosions are conducted, the activation of fused/melted ground particles 
begins at this stage. After atmospheric explosions, the particles appear from formation 
of nuclei with ensuing condensation (some authors assume simultaneous coagulation). In 
the first case, the particle size-distribution has an exponential character (Izrael, 1973); in 
the second case, the distribution is log-normal (Stewart, 1956). As a rule, the sizes of 
particles from air explosions do not exceed 10-25 pm, and their mean sizes are fractions 
of pm (Stewart, 1956; Freiling, 1962). The highly active particles exceeding 1-2 pm 
formed in an air explosion are almost always exceptionally spherical in shape (Freiling and 
Kay, 1966; Benson et ah, 1965a; Crocker et ah, 1966), typical solidified drops. The particle 
composition is a mixture of ferrous oxides (the main component), aluminum, uranium and 
plutonium. Studies by Benson et ah (1965a) indicate that the relationship between particle 
activities and their sizes (for particles larger than 2 pm) is a power one, with an index of 
about 3.0. This clearly indicates that the activity is evenly distributed over the volume of 
particles from atmospheric explosions (at constant activity concentration). 

Particles from ground explosions consist of a glass-like material resulting from the 
melting/fusing of silicate minerals, when such materials constitute the major constituents 
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of the underlying earth. In this case, two types of particles are formed: spherical (or drop¬ 
shaped) and those of irregular shape (angular), formed at the periphery of the fireball as a 
result of the fusion of individual grains of soil or ground. Both types of particles are up to 
2-3 mm in diameter (Adams, 1960; Freiling, 1962). Radioactive particles are distributed 
more or less evenly in the spherical particles over their volumes or thick volumetric layer. 
According to Adams (1960), an “inactive” core constitutes 10-30% of the volume of large 
particles (with diameter of 0.5-2 mm). Radioactive particles are distributed in the thin 
surface layer of large angular particles. The amount of such particles is insignificant. 

The size distribution of the activity of particles for a ground (and underground) explosion 
can be expressed by the log-normal law, therefore 


N(dud 2 ) 



Aogdi 

/ exp 
J\o%d\ 


(loggf - log d) 2 
2 cr 2 


d(logrf), 


(1.5) 


where N(d i, c/?) is the fraction of activity associated with particles of d\ to di in diameter; 
d and a are the distribution parameters. 

It is characteristic that the distribution of particle activity by size does not depend on the 
explosion yield of a given type, but depends more on the nature of the earth for a ground- 
level explosion or for those underground explosions that produce craters (Anderson, 1957). 
Hence, it follows that elementary grains of ground material (or their clusters) constitute the 
basis of the radioactive particles, the size-distribution of the former being slightly different 
for different ground types (Garkusha, 1954). Thus, in formula (1.5) for local fallout after 
ground explosions for solid soils of the Nevada type, log d = 2.053 and o = 0.732, and for 
a coral substrate log d = 2.209 and a = 0.424 (Stewart, 1956). 

Radioactive particles are also characterized by a normal logarithmic mass-distribution 
(Storebo, 1964) and surface-distribution. Figure 1.4 shows the integral mass (M) and 
volume ( V ) distribution according to particle size (Freiling, 1962). The relationships 
between surface area ( S ) and particle activity (A) as a function of size are also presented. 
These latter data are taken from a study by Kellog (1957). 



Fig. 1.4. Integral distributions of mass, volume, surface area and activity as functions of the size of radioactive 
particle. 
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The particle surface area distribution S(d) can be derived from the mass distribution 
M{d) using the relationship: 


S(d) 


6 M(d) 
pd 


( 1 . 6 ) 


where p is the density of the particles, equal to about 2.5 g/cm 3 . 

In a study by Petrov and Pressman (1962), based on examination of the spread of the 
admixed particles with a non-uniform deposition rate co (or by size r , where r is the radius), 
and an instantaneous point-source release, the authors proposed the distribution to be a two 
parameter function (gamma-distribution): 


N(co) = 


..n +1 


r(n + 1) 


(1.7) 


where a and n are the distribution parameters and T is the gamma-function. N(co) or N(r), 
as obtained from experimental data, is well approximated by this formula. Thus the 
distribution of the particle activity N(r ) in their sizes, as presented by Izrael (1973), can 
be shown as a relationship of this type, n being equal to 2 and a — 0.06 (Izrael, 1965). 

The transition of the radioactive products of the explosion to particles of inert 
material, i.e., the particle activation (and finally, the character of the radioactive particle 
distribution), is determined by the thermo-physical properties of all the constituents and the 
thermodynamic conditions in the fireball. As indicated above, inert material incorporated 
into the fireball influences the thermal regime of the fireball. 

In a ground-level nuclear explosion, about 5000 t of earth per kt of explosive yield 
are released into the atmosphere (Freiling, 1962) and, of that quantity, 180-200 t are 
fused (Izrael, 1973). From 1.5 to 25 t per kt are evaporated (Izrael, 1973). The last figure 
was arrived at through analogy with an underground nuclear explosion where up to 50- 
70 t of ground-derived material per kt are evaporated and by assuming about half of this 
value for a ground-level explosion. The comparatively small amount of evaporated earth 
can be explained by the low evaporation rate of SiC >2 and the short duration of the high 
temperatures in the fireball. 

The material involved in the fireball is mixed within the volume formed as a result of 
the whirling motion in the generated toroid. A column of partially evaporated molten earth 
(the column’s diameter can be considered to be approximately equal to the diameter of the 
explosion crater) passes through the fireball (cloud) center and then starts its circulation 
around the vortex ring axis. The linear speed of the particles increases with distance from 
the axis and then decreases on contact with the ambient air masses. The maximum linear 
speed (for an axial circle radius a) can be obtained from the equation 


v — ro/2na. 


( 1 . 8 ) 


where, according to Onufriev (1967), the circulation of the external flow. To, is calculated 
using the equation 

T 0 = yoRs/~Rg, 


(1.9) 
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Here yo = 0. 26^(1 — £)\/£/[a(l + £)], £ being the ratio between the air densities inside 
and outside the toroid; a is an entrainment coefficient for the turbulent mixing and is equal 
to 0.03-0.08 (Abramovich, 1948). When £=0.1 and a — 0.055, yo = 0.55. 

Assuming the fireball volumes from air and ground explosions to be equal and that 
R m = 89 i/2W (Izrael, 1973) for a ground explosion, we obtain (in m/s) 

u = 5.3 W 016 (if W is expressed in kt). (1.10) 


This indicates that, at the moment of particle solidification, and taking into account the 
volume expansion due to gravitational settling of the particles, the volume of earth involved 
will constitute only 10-20% of the fireball volume. This part of the volume is the zone 
of contact between the evaporated explosion products and the liquid particle-carriers. In 
this case, the vapor phase volume F v can be considered to be equal to 0.2 of the fireball 
volume Vf. 

We can also assume that the evaporated explosion products are distributed rather quickly 
(within hundredths of a second) throughout the fireball due to the high rates and free 
pathways of the molecules. In this situation, therefore, the vapor-phase volume can be 
considered to be equal to that of the fireball. Although the material involved occupies 
a relatively small space (10-20% of the total volume of the fireball), in this case, the 
evaporated explosion products (being in molecular form) can freely come into contact with 
the material. The rates of particle formation (due to Brownian motion) are not high and 
particles larger than several fractions of a micron in size can be considered to be trapped 
in the immediate vicinity of their origin (Glesston, 1966). As mentioned above, particle 
transport due to turbulent mixing can be ignored. 

When the fireball temperature exceeds the boiling point of the particle-carriers (2500- 
3000 K), equilibrium between the liquid and vapor phases (at a pressure of 1 atm) 
is unattainable. However, thermodynamic equilibrium could be reached if the fireball 
temperature drops below the indicated value. The author considered the conditions for 
attainment of equilibrium and what temperature difference between the fireball and liquid 
particles is possible (Izrael, 1973). With the continuing drop in the fireball temperature, 
the liquid particle temperature will always be delayed with respect to the vapor phase 
temperature due to final heat conductivity considerations. Such “lags” (ro avx ) of the mean 
temperatures at the centers of particles T dV C of different radii with respect to fireball 
temperatures have been calculated (Izrael, 1973). For sections I, II and III of curves 1 
and 2 (see Fig. 1.2) 


fOav.c — 


7av.c(0 ~kt 

k 


( 1 . 11 ) 


where k characterizes the fireball cooling rate. For curve 2, ro c is 1.4 x 10 -3 s for section I 
and particles with diameter d — 200 pm, 3.5 x 10~ 2 s for d = 1000 pm and 0.14 s for 
d = 2000 pm (the contribution of the latter to the total mass of the particles is about 5% 
and in terms of activity it is even smaller). 

As an example. Fig. 1.5 shows the changes in temperature with time at the centers of 
particles of diameter 2000 pm (curve 2) and a fireball from W — 20 kt (curve 1 or curve 2 in 
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T, 10 3 K 



Fig. 1.5. Change in temperature (7") with time (r) in the centers of particles of diameter 2000 pm. 


Fig. 1.2). Thermodynamic equilibrium is attainable even for such particles at sections III. 
The maximum value of to max (for the particle centers) can be obtained from a simple 
relationship 


roma x = 3-. (1-12) 

6a. 

This is found to be very low for the majority of particles. One should also take into account 
the thermal inertia of the particles relative to the ambient gaseous medium. Cooling of the 
particles within the range 2500-1400 °C was taken into account for both the radiation and 
heat conductivity of the medium. Rough calculations showed that the temperature lag of 
particles of diameter 100 pm is about 0.1 s behind the fireball temperature within the range 
indicated. 

So, although the “liquid-vapor" state is very close to equilibrium in the fireball at 
’/ me I < T ^ in the stiict sense, the thermodynamic equilibrium can only be attained in 
the fireball at a time corresponding to section III of the curve reflecting the fireball thermal 
regime. As already stated, for the majority of particles, the deviation from equilibrium 
between the vapor and liquid phases is negligible for all the time intervals within the 
temperature range between the boiling and melting points of the particulate matter. In 
calculating the condensation rate (assuming equilibrium) we will obtain an overestimation 
if we use curve 1 (see Fig. 1.5) and an underestimation if we use curve 2. Finding the mean 
value of these data will yield a value closer to the truth and the difference between them 
will represent the maximum error. Equilibrium conditions are best fulfilled for explosions 
of high yields. 

To examine the total amount of material capable of being transferred into particles 
(liquid phase) before their solidification, one can use both curves 1 and 2 (see Fig. 1.5). In 
this case, the following relationship applies: 


TOmax ^ Atm, 
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where Arm is the length of sections III (see Figs. 1.2 and 1.5). In this situation, only the 
degree of nuclide penetration into the particles will vary slightly. 

When calculating the condensation rate and the total amount of condensed phase at 
thermodynamic equilibrium for a one-component “liquid-vapor” system, one should take 
into account the fact that, at any moment, the value of the partial pressure of the vapor of 
any substance must be equal to that of the saturated vapor: 


Pi 


— 77; 


,RT 


(M3) 


where n® is the number of moles in volume V v of the vapor phase, R is the gas constant 
and T is the absolute temperature. 

The vapor pressure of the ith component, as described by Raoult’s law for a two- 
component system (i, j are the components), is: 


Pi = 




77, +rij 


p° 

' I ’ 


(1.14) 


where P ( ° is the vapor pressure above the one-component liquid (i); and 77/ and rtj 
are numbers of moles of the ith and y'th components in the solution. Combining 
formulae (1.13) and (1.14) 


7? 


o 

i 


Hi 


P?Vi 

(Hi +rij)RT 


(1.15) 


one can calculate the ratio between the amounts of the i th component material in the vapor 
and liquid phases. 


4. Radioactive Products from Nuclear Explosions 

During a nuclear explosion of 1 kt yield, 1.45 x 10 23 nuclei fission events take place and 
4.19 x 10 19 ergs of energy are released (Izrael, 1973; Leypunsky et al., 1959). With every 
fission event, an average of 2.5 neutrons ( 235 U fission) or 3.0 neutrons ( 239 Pu fission) are 
released with an average energy of about 2.0 MeV and a most probable energy of 0.8 MeV 
(Yampolsky, 1961). In an energy release of 200 MeV, 7.2-8.4 MeV is instantaneous y- 
radiation (Izrael, 1973; Leypunsky et al., 1959) and about 13 MeV is and y-radiation 
from fission products (Izrael, 1973; Goldstein, 1961). 

In thermonuclear or hydrogen bombs (Bethe, 1950; Ridenour, 1950), a fusion of light 
nuclei takes place with an accompanying substantial energy release. The inclusion of 23S U 
into the thermonuclear bomb case significantly amplifies its effect, because the neutron 
surplus is used for 238 U fission. An explosive device, consisting of a thermonuclear bomb 
(with an atomic “fuse”) enveloped by a 238 U case, was named a “fission-fusion-fission” 
bomb. Early publications that mentioned the possible use of such a scheme in a bomb date 
back to 1955 (Rotblat, 1955; Lapp, 1955; Libby, 1953). About 80% of the total energy of 
such a bomb can be released in the 238 U fission reaction with fast neutrons (Rotblat, 1955). 
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The fission and total yields of atmospheric nuclear tests conducted by different countries 
are summarized below (from UNSCEAR, 1982): 


Country 

Fission (Mt) 

Total (Mt) 

USA 

72.1 

138.6 

Former USSR 

110.9 

357.5 

UK 

10.6 

16.7 

France 

10.9 

11.9 

China 

12.7 

20.7 

Total 

217.2 

545.4 


The yield of thermonuclear weapons tested together with the “fission-fusion-fission” 
varieties covers a wide range from hundreds of thousands to tens of millions of tons 
of trinitrotoluene (TNT) (Telegadas, 1959; EC, 1963; Hardy, 1964; Mikhailov, 1996). 
Only two long-lived radioactive nuclides are generated during thermonuclear reactions: 
tritium 3 H and, possibly, 7 Be (Magata, 1963; Drevinsly et al., 1964; Schumann and 
Storppler, 1963). The tritium generated in significant quantities during a thermonuclear 
explosion (or that which was initially contained in the charge) is not a y -emitter and has a 

-energy equal to 18 keV. 

Fission products of heavy nuclei are the basis of the radioactive contamination of the 
atmospheric and terrestrial environments. An exception is the near-surface or underground 
explosion of a very “pure” bomb. In this case, the main contributors to the y-activity are 
the radionuclides generated by neutron activation of ground (rock) elements (“induced 
activity”) (Lane, 1962; Essington et al., 1965; Batzel, 1960). 

The first study describing time variations in the composition of a fission product mixture 
is that of Way and Wigner (1948). They described the changes with time in the activity 
mixture by the empirical formula 

A(t) = A 0 r", (1.16) 

where Ao, A(t) are the activities of the product mixture at the initial time to (e.g., to — 1 s, 
1 hr, ...) and a subsequent time t. The index n in formula (1.16) can slightly vary with 
time and has an average value of n ^ 1.2. 

The decay rate for an instantaneous fission product mixture of 233 U, 235 U, 239 Pu, as well 
as the activity of each radioactive nuclide have been calculated on the basis of the known 
fission yields and nuclide decay schemes (Essington et al., 1965; Hunter and Ballou, 1951; 
Maly et al., 1957; Grechuskina, 1964; Low and Bjornerstedt, 1958; Bjornerstedt, 1959; 
Zysin et al., 1963). The resulting data are presented in our study (Izrael and Stukin, 1967). 
The fission product mixture was examined as the sum of the individual fission products 
and the contribution of conversion electrons was not considered. Grechushkina (1964) has 
described the activities of individual nuclides for periods ranging from 1 hr to 100 years 
for 5 types of fission ( 235 U n , herm , 235 U n|is , 239 Pu nfis , 238 U nHs , 238 Un l 4 M ev) (> n numbers of 
decays per minute per 10 4 fissions). The relationship between the total /1-activity and time 
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Table 1.1 

The relationship between fi- and y-activities of fission debris and mixture age after a 1 kt explosion 


Mixture age 

/3-activity (decay/s) 


//-activity (MeV/s) 


235 it a 

Un fis 

239p„ a 

235 it b 
u nfi s 

235 it c 

U ntis 

239 Pll b 

239 Pl] c 

1 hr 

1.6xl0 19 

I.47xl0 19 

1.73xl0 19 

1.65xl0 19 

1.46xl0 19 

1.44xl0 19 

2 hr 

6.6xl0 18 

5.92xl0 18 

6.94x10' 8 

7.72xl0 18 

5.93x lO 18 

6.62xl0 18 

5 hr 

2.23xl0 18 

1.93x 10 18 

1.77x I0 18 

2.03x 10 18 

1.44xl0 18 

1.7xl0 18 

10 hr 

1.09xl0 18 

l.OxlO 18 

6.96x 10 17 

7.6x 10 17 

5.95xl0 17 

6.88x 10 17 

1 day 

4.16xl0 17 

4.2xl0 17 

2.38x 10 17 

2.53xl0 17 

2.21 x 10 17 

2.45x 10 17 

2 days 

1.73 x 10 17 

1.93x 10 17 

9.31 xlO 16 

9.7x lO 16 

9.49xl0 16 

1.02xl0 17 

5 days 

6.14xl0 16 

7.42 x 10 16 

3.25xl0 16 

3,l2xl0 16 

3.91 x 10 16 

3.65x lO 16 

10 days 

3.05xl0 16 

3.24xl0 16 

I.65xl0 16 

I.56xl0 16 

I.74xl0 16 

1.7xl0 16 

20 days 

1.49xl0 16 

1.43xl0 16 

7.65xl0 13 

- 

7.33xl0 15 

- 

30 days 

9.44 x 10 15 

8.72xl0 15 

4.65xl0 15 

4.45xl0 15 

4.32xl0 15 

4.14xl0 15 

70 days 

3.65xl0 15 

3.26xl0 15 

I.42xl0 15 

- 

1.3xl0 15 

- 

100 days 

- 

- 

- 

8.97xl0 14 

- 

8.05xl0 14 

150 days 

1.46xl0 15 

1.39xl0 15 

5.41 xlO 14 

- 

4.84x 10 14 

- 

1 year 

3.24xl0 14 

4.33x 10 14 

6.87 x 10 13 

6.38xl0 13 

7.68xl0 13 

7.22x!0 13 

1.5 years 

I.72xl0 14 

2.65xl0 14 

l.65x I0 13 

- 

2.97xl0 13 

- 

2 years 

1 . 16x 10 14 

1.83xl0 14 

7.8xl0 12 

- 

1.83 x 10 13 

- 

3 years 

6.6xl0 13 

9.9x 10 13 

4.85xl0 12 

5.18x 10 12 

1.04xl0 13 

1.05xl0 13 

5 years 

3.22xl0 13 

3.65x 10 13 

4.57 xlO 12 

- 

5.05xl0 12 

- 

10 years 

1.65 x 10 13 

1.25xl0 13 

2.85xl0 12 

3.09xl0 12 

2.9x 10 12 

3.14x 10 12 

15 years 

1.27xl0 13 

9.27x 10 12 

2.52xl0 12 

- 

2.49xl0 12 

- 

30 years 

8.33xl0 12 

5.79xl0 12 

1.77 x 10 12 

I.84xl0 12 

1.76 x 10 12 

1,82x 10 12 


"Grechushkina (1964). ft Izrael and Stukin (1967). "Bjornersted (1960). 


has been calculated from the data of Grechushkina (1964) and is presented in Table 1.1 for 
a 1 kt explosion yield. 

Taking into account the data of Bethe (1950), one would expect that the time-dependence 
of the /(-activity (as well as the yield of /(-decays per fission) could differ from that shown 
in Table 1.1 by 10-20% and perhaps more depending on the times and fission types. The 
change with time in the composition of the fission product mixture resulting from the 
fission of 235 U by thermal neutrons (U n(herm ) corresponds closely to the experimental data 
ofEssington et al. (1965), Batzel (1960), Way and Wigner(1946) and Mostovaya (1961). 

Calculation of the /-radiation for a debris mixture for an explosion is much more 
complicated. In addition to the above uncertainties, there are additional errors arising 
from insufficient knowledge of the decay schemes of the nucleus under consideration. 
The integral characteristics of the /-radiation emanating from fission debris mixtures 
were calculated on the basis of the /(-activity data for various time intervals following 
the explosion (Grechushkina, 1964) and the associated characteristics of the /-radiation 
from the individual nuclides. Figure 1.6 (Izrael and Stukin, 1967) presents the calculated 
relationship between the /-radiation intensity and time for the mixture of fission products 
from a I kt atomic explosion for two fission types: 235 U nfe and 239 Pu nfjs . From a 
comparison of the curves in Fig. 1.6 it can be seen that the /-radiation intensity differs 
by less than 20% for the period 1 hr to 1 year; however, the results differ by more than a 
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I meV/(s kt) (I) 


I meV/(s kt) (II) 



Fig. 1.6. The relationship between y -radiation intensity and the age of the mixture of fission debris resulting 
from a 1 kt atomic explosion for two fission types: 2 -”U nfis and ‘-^Punf . 


factor of two at 2 years. This divergence is related to the essentially different l06 Ru yields 
for the two fission types. In Fig. 1.7a, a curve is presented of the total dose rate variation 
with time that results from the fission of 228 U by thermonuclear neutrons (results are for a 
height of 1 m above an infinite plane contaminated evenly with a density of 10 4 fissions per 
cm 2 ). Fig. 1.7b shows the changes in the relative contributions of individual products of 
2 l8 U fission by thermonuclear neutrons to the total dose rate as a function of time (Freiling 





















Dose rate, R/hr per 10 4 decay/cm' 



Time after fission 


Fig. 1.7 (a) Variations of the total dose rate with time following the fission of 2,8 U by thermonuclear neutrons. 
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Fig. 1.7 (Continued) (b) The relative contribution of individual fission products to the total dose rate for 238 U fission by thermonuclear neutrons. 
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Table 1.2 

Changes in n-index value in Eq. (1.17) with age 
of 239 Pu and 235 U fission product mixture 


Age 

239 Pn 

™ n fis 

235 it 

Un fis 

2 hr 

1.31 

1.32 

5 hr 

1.43 

1.43 

10 hr 

1.39 

1.40 

1 day 

1.32 

1.35 

5 days 

1.24 

1.31 

20 days 

1.23 

1.25 

70 days 

1.26 

1.27 

150 days 

1.26 

1.27 

1 year 

1.34 

1.37 


et al., 1968). On the assumption that the /-radiation intensity drops according to a power 
law, analogous to that of the total ^-activity decrease, this change can be represented by: 



Assuming To = 1 hr, one can determine the index n for different ages. Table 1.2 presents 
the values of n for both fission types. 

In the presence of large quantities of a volatile component and following the resulting 
fractionation, the experimental curves and the value of n in Eq. (1.17) can differ 
significantly from those shown here, especially for fission products of age up to 10-20 
days. Variations in the ratio of volatile to bound components for the iodine isotopes ( 134 I, 
l35 I, 133 I and l3l I), for example, can exert a substantial influence on the character of the 
curves and the index n. (It follows from Fig. 1.7b that these isotopes are the dominant 
radionuclides in the fission debris mixture during the early period from the first hour up to 
10 days.) 

On the basis of tables found in Grechushkina(1964), the numerical intensity of /-quanta 
was calculated as a function of time and expressed as the number of quanta per second 
per kt fission (Table 1.3). This relationship is similar in form to that for the energy intensity: 


Ny_ _ / ^0 y ! 

Nm \t) ' 


(1.18) 


The index in Eqs. (1.16), (1.17) and (1.18) depends weakly on whether it is the temporal 
variation in total /3-activity or the numerical and energy intensity of the /-radiation from 
the fission debris mixture that is under consideration. 

Such values as the average energy of /-quanta, E av (MeV per quantum), the 
mean quantum yield v (the number of quanta per decay), the mean /-radiation yield 
(MeV/decay), corresponding to the total quantity of fission debris for a given age, are 
frequently needed in calculations. Figure 1.8 shows the time variations in the mean energy 
(MeV/decay) and the average quantum yield (quanta/decay) for two fission types 235 U nfis 
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Table 1.3 

The relationship between numerical intensity of y-radiation 
from fission debris nuclide mixture and its age, quantum/(s kt) 


Mixture age 

239 p., 

™ n fis 

235,t 

U "tis 

1 hr 

1.9xl0 19 

1.7xl0 19 

2 hr 

7.63xl0 18 

6.93xl0 18 

5 hr 

2.05xl0 18 

1.82x 10 18 

10 hr 

9.36xl0 17 

8.81x10° 

1 day 

4.08xl0 17 

4.05x10° 

2 days 

1.83xl0 17 

1.97x10° 

5 days 

6.7xl0 16 

8.3xl0 16 

10 days 

3.01 xIO 16 

3.37x10° 

20 days 

I.2xl0 16 

1.22x10° 

30 days 

6.94xl0 15 

6.81 xIO 15 

70 days 

2.23xl0 15 

2.16x10° 

150 days 

8.22xl0 14 

7.75xl0 14 

1 year 

l.lxlO 14 

I.29xl0 14 

1.5 year 

3.4x10° 

5.71x10° 

2 years 

1.87x10° 

3.69x10° 

3 years 

l .06 x 10° 

2.06x10° 

5 years 

7.87x10° 

9.15x10° 

10 years 

4.39x10° 

4.58x10° 

15 years 

3.82 x 10° 

3.82x10° 

30 years 

2.68x10° 

2.66x10° 


(curve 1) and 239 Pu n(ls (curve 2). It should be noted that these values were calculated taking 
into account only those nuclides for which the decay schemes are known for mixtures of 
all ages. It can be seen in Fig. 1.8 that the mean energy of the y-radiation from the fission 
product mixture does not exceed 0.9 MeV/decay (reaching a maximum value of 0.9 MeV 
2 hours after fission). It reaches minima of about 0.4 MeV after 2-5 days and 2-3 years. 
The deviations in the time-mean energy relationship were essentially insignificant for the 
two types of fission. 

The mean quantum yield of the mixture varies with age more widely: thus at T = 1 hr it 
is equal to nearly 1.25, with about 0.2 quantum/decay for an age of about 2 years. 

In addition to the overall characteristics of the fission debris mixture, we have calculated 
the differential y-spectra (the so-called line spectra) for 238 U fission by neutrons of energy 
14 MeV (Izrael and Stukin, 1967). The chosen age range was from 2 days to 1 year. 
A choice of the fission reaction ( 238 U„ l4MeV ) for the calculations was related to the fact 
that the probability of symmetrical fission drastically increases at a neutron energy of 
14 MeV. The nuclides whose lines appear in the line spectra during the fission reaction 
( 238 Uni 4 Mev) will thus not be present significantly in the spectra of other fission reactions. 
As an illustration, Fig. 1.9 shows the calculated spectra for t — 30 days. They are presented 
for two energy ranges: (1) from 0 to 400 keV (the second range is “soft”) and (2) from 0 to 
2000 keV (the 1st range is “hard”). The chosen ranges correspond approximately to those 
where the fission debris spectra are under experimental investigation. 




20 


Radioactive Fallout after Nuclear Explosions and Accidents 


E av , MeV (I) 
v, quantum/decay (II) 



Fig. 1.8. Time-dependence of the mean energy E m and the mean quantum yield v for fission product y-radiation 
for two fission types: 235 U nfis (I) and 239 Pu n|1s (II). 


Up to the present, we have dealt only with the fission debris from a nuclear explosion. 
During an explosion, however (especially a thermonuclear one), a considerable amount of 
activity can originate from the interactions between the neutrons and the environmental 
materials around and the construction materials in the bomb. In these situations, the 
induced activity depends on the flux of released neutrons, the respective compositions of 
the immediate environment and the bomb construction materials, as well as on the energy 
fluxes and spatial distribution of the neutrons. Thus the radionuclides produced in these 
ways can be subdivided into three groups, i.e., those resulting from the interactions of 
neutrons from the explosion: 

1. With elements of the charge itself; 

2. With elements used in the construction of the bomb; 

3. That escape from the bomb with environmental elements from the air, water, 
ground, etc. 

Among the main nuclides of the first group are 239 Np (7)/2 = 23 days) and 237 U 
(T \/2 = 6.7 days) (Mather, 1956; Lapp, 1959). 239 Np, with a y-radiation line of 106 keV, 
is formed according to the reactions 

238 U(n, y) 239 U, (1.19) 

239 U —>239 Np _|_ p- (1. 20 ) 

237 U, with a mean energy y-radiation line of about 0.1 MeV, is formed through 238 U 
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N y-quantum/[min l0 4 fission events] 



Fig. 1.9. Line spectrum of /-radiation from a 30-day-oid fission product mixture (within the ranges 0-2000 and 
0-400 keV). 
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bombardment by high energy neutrons according to the reaction 

238 U(n, 2n) 237 U (1.21) 

(the reaction threshold is about 5.9 MeV (Arnold, 1958)). 

It follows from these reactions (1.19)—(1.21) that the presence of 238 U included in 
the charge is a necessary precondition for the appearance of 239 Np and 237 U in the 
explosion products. Thus, in the explosion of an atomic bomb containing a 235 U- 238 U 
mixture, some 239 Np can be generated. The 237 U isotope, however, appears only in 
negligible amounts because of the high reaction threshold (1.21). In a thermonuclear bomb, 
many more neutrons are released per unit of energy than in an atomic bomb explosion 
(Yampolsky, 1961; Emeljanov, 1958). Hence, a greater amount of induced radioactivity is 
generated by the neutron flux. Elements with higher atomic number can thus appear in such 
a bomb as a result of the effects of the powerful high-energy neutron flux on fissionable 
materials (Chiorso et al., 1955; Izrael et al., 1996; Cameron, 1959). If 238 U is added to 
the bomb case to intensify the explosive yield (the “fission-fusion-fission” bomb), larger 
amounts of 239 Np and 237 U are formed (Lapp, 1959). The 239 Np content (by activity) in the 
radioactive products of such a weapon can reach as much as 50-65% of the total activity 
at 3-4 days after the explosion (Lapp, 1959). 

The presence of the radionuclide 237 U amongst the explosion products uniquely 
determines the occurrence of a thermonuclear reaction, because this isotope is formed from 
238 U according to the above reaction (1.21), of threshold about 5.9 MeV. The presence of 
237 U in the products of the explosion was first mentioned in early publications (Nishiwaki, 
1954) that described the results of radiochemical and radiometric analyses of particles 
deposited on Japanese fishing vessels (so-called “Bikini ash”) after the “Bravo” explosion 
at Bikini Atoll on 1 March, 1954. 

The presence of considerable amounts of the radioactive nuclides 239 Np and 237 U in 
the explosion products of the “fission-fusion-fission” type bomb distinguishes them from 
those of the simple fission debris mixture ( 235 U n , hcrm ). Izrael et al. (1994) have analyzed 
in detail the possible formation of different transuranic radionuclides (including plutonium 
isotopes) and their occurrence in radioactive fallout as a result of thermonuclear explosions. 
Special attention was given to the long-lived radionuclide 241 Am that had been detected 
experimentally in fallout (this nuclide was also found in lesser activities in the central zone 
after the Chernobyl accident, see Chapter 5). 

In an explosion of the “fission-fusion-fission” type, minor amounts of the 240 U isotope 
are formed (Zysin, 1963; US Atomic Energy Congress, 1959). In this case, the 238 U 
nucleus has to capture two neutrons. Other transuranium elements are formed in negligible 
amounts, e.g., 255 Es and 255 Fm (Chiorso et al., 1955; Cameron, 1959). In this situation, 
the 238 U nucleus has to capture 17 neutrons. According to the available publications 
(Telegadas, 1959; EC, 1963; Hardy et al., 1964; US Atomic Energy Congress, 1959), all 
the weapons of high yield that were detonated prior to 1958 were based on the “fission- 
fusion-fission” reaction. No “pure” thermonuclear bombs of high yield were mentioned 
for this period. Estimates of the ratio between the fission product yields of the “fission- 
fusion-fission” weapons and the atomic bombs (per unit of power) were 0.5, 0.66 and 0.8 
(Dunning, 1959; Lapp, 1959). 
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According to Yampolsky (1961), the total yield for all nuclear weapons exploded during 
the period from 1945 to 1958 was equal to approximately 170 Mt with nearly 92 Mt of this 
total being attributable to fission. The ratio fission yield/total yield can therefore be taken 
to be about 0.5 for the explosions of this period. The total yield of nuclear weapons tested 
during the period 1959-1962 was 510 Mt, 190 Mt of which was attributable to fission 
reactions. Thus the above-mentioned coefficient decreased to about 0.37 (US Atomic 
Energy Congress, 1959; Hardy et al., 1964). There are some data that suggest that in 1961, 
during the period when the USSR conducted very large tests, this coefficient was further 
reduced to 0.04. 

The induced activity resulting from the interaction between neutrons and the construc¬ 
tion elements of a bomb can be relatively large. In addition, it is obvious that the neutron 
flux inside a bomb is sufficient, especially in a thermonuclear explosion, that the (n, 2n) re¬ 
action with its relatively high threshold can contribute significantly. Investigators have ob¬ 
tained extensive data on the induced activities which can be attributed to this second group 
of interactions. The induced nuclides include: 60 Co (Cameron, 1959; Nishiwaki, 1954; US 
Atomic Energy Congress, 1959; Mamuro and Matsumani 1965; Salter, 1965; Krieger and 
Groche, 1960; Krieger, 1965; Strom et al., 1958; Weiss and Shipman, 1957); 57 Co, 58 Co 
(Strom et.al., 1958); 59 Fe (Batzel, 1960; Japan Society for the Promotion of Science, 1956); 
?5 Fe(US Atomic Energy Congress, 1959); 54 Mn (Essington et al., 1965; Batzel, 1960; Ma¬ 
muro and Matsunami, 1965; Gaglione and Ravera, 1964; Gustafson, et al., 1964; Johnson 
et al., 1966); 65 Zn (Krieger and Groche, 1960; US Atomic Energy Congress, 1959); 88 Y 
(Essington et al., 1965); l85 W, l8l W, l87 W, l88 Re (Lane, 1962; Essington et al., 1965; 
Godt, 1961; Kurchatov et al., 1962; Kauranen, 1964) and two isomers of 102 Rh (Ess¬ 
ington et al., 1965; Gustafson et al., 1964; Kalkstein, 1962; UNSCEAR, 1962; Yunge, 
1965), as well as l52 Eu and l54 Eu which result from a fission reaction and the interac¬ 
tion between neutrons and soil elements (Izrael et al., 1994b). W and Rh isotopes were 
formed as a result of the activation of elements specifically introduced into the bomb cas¬ 
ing during the series of American explosions named “Hardtack”. They were used, prob¬ 
ably, as tracers to identify the products of individual explosions. There is also mention 
of the use of the nuclides 124 Sb, 109 Cd and ll3nl Cd as tracers (Salter, 1965; Kalkstein 
et al., 1965). It is also reasonable to expect that 58 Ni, 62 Ni, 93 Nb, 165 Ho, 191 Ir and the 
short-lived 56 Mn, 24 Na, 31 Si, 28 Al (see Fig. 1.10) are amongst the induced activity prod¬ 
ucts. 

The radionuclides resulting from the interaction between the neutrons outside the bomb 
casing with the environmental elements are considered in the third group. The environment 
itself can be the air (in atmospheric explosions); construction materials of a tower (for 
explosions on towers); water (in near-water and underwater explosions); and especially 
the ground in near-surface, ground-level and underground explosions. When the escaped 
neutrons interact with atoms of the air, a negligible amount of induced activity is formed, 
constituting less than 1 % of the total fission debris activity at 1 -2 hours after the explosion, 
and composed mainly of the short-lived isotope 41 Ar and a small amount of long-lived 14 C 
(Abramovich, 1948; Nydal et al., 1963, 1965). 

For explosions conducted near ground or at the sea water surface, the amount of induced 
activity is greater and is formed as a result of the interaction between the neutrons and 
the surface elements (ground or water). According to the calculations of Leipunskii et 
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f, decay/(s-g) 

F, MeV/(s-g) 



10' 1 10 0 to' to 2 t, hr 


Fig. 1.10. Temporal variations in the induced activities of ground material irradiated by unit neutron flux (ntherm)- 


al. (1959), Batzel (1960) and Nishita (1965), the most important elements in the generation 
of induced activity in the surface material are: aluminum, silicon, sodium, manganese, 
iron and cobalt (in the ground); and chlorine, sodium, magnesium and bromine (in sea 
water). 

The induced activity in ground material A(t) [decay/(scm 3 )] at time t after irradiation 
is described by the relationship: 

A(t) = P V 12 10" 24 c ^jNiOajXj^^ (1.22) 

' j 

the induced y-activity (the amount of y-radiation. MeV/(scm 3 ) being characterized by a 
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similar relationship: 

A y (t) = 10 “ 2 V/ N i°ai e j x j & ~ Xj ‘ • (1.23) 

i j 


Here, p is the density of the surface medium, in g/cm 3 ; P is the flux of neutrons at the 
activation point for the whole period of irradiation, in neutron/cm 2 ; aj is the fraction of 
the j th isotope in the mixture of the i th element isotopes; /V, is the number of atoms of the 
i th element in 1 g of the ground material; a u j is the microscopic cross-section of neutron 
capture of the y'th isotope, in barns; kj is the decay constant of the nuclide resulting from 
the jth isotope activation, s - 1 ; Ej is the total energy of y-radiation per disintegration of 
the radioactive nuclide resulting from activation of the j th isotope of the /'th element, in 
MeV/decay. Let us denote / as the activity concentration of 1 g of the ground material 
(decay/(sg)) that has been irradiated by the neutron flux (neutron/cm 2 ) for a time t\ F 
is the energy emitted per second as y-radiation by 1 g of the material irradiated by the 
neutron flux, in MeV/(s g). Then, 


f(t) = 


Mt) 
p'P ' 


E(t) = 


(Ty(t) 

pP 


(1.24) 


Figure 1.10 shows the relationships /(?) and F(t) for ground material of average 
composition for 0.03 ^ t ^ 500 hr (by average composition is meant the global average 
surface soil composition (Garkusha, 1954)). Curves are shown of the time variations 
of the activities of individual nuclides constituting the major part of the total activity 
concentration / (for the ground material). 

As seen in Fig. 1.10, the induced activity of the ground material (y-activity) is largely 
due to the following radionuclides: 


28 A1 

from 0 to 15 min, 

56 Mn and 24 Na 

from 15 min to 200 hr. 

59 Fe 

after 300 hr. 


At 100-300 days after the explosion, the radionuclide w, Co begins to contribute 
considerably to the induced activity (Essington et al., 1965; Batzel, 1960). The contribution 
of different chemical elements varies so much among soil types that the activity 
concentration / and y-activity F will differ markedly from those shown in Fig. 1.10 from 
soil to soil. Table 1.4 presents the chemical composition of the most widespread soil types 
(Garkusha, 1954). 

The second half of Table 1.4 presents the calculated correction factors ki(t) relative to 
the data from Fig. 1.10 for different soil types and time intervals, i.e.. 


ki(t) = 


MO 

/a v(0’ 


(1.25) 


where /,(/) corresponds to the i th soil type, and / av (G represents the average soil 
composition. It follows from Table 1.4 that the activity concentration (or y-activity) values 
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Table 1.4 

Correction factors for determination of induced activity in soils of different types 


Soil type 

Elemental content (%) 

Correction factor 


Si 

Al 

Fe 

Na 

0-15 min 

10-200 hr 

>200 hr 

Chernozem 

20.7 

8.37 

3.16 

0.58 

1.12 

0.22 

0.75 

Podzolic 

32.5 

7.93 

2.16 

1.90 

1.06 

0.8 

0.52 

Highly podzolic loam 

36.1 

4.19 

1.93 

1.26 

0.6 

0.53 

0.48 

Desert-steppe gray soils 

27.9 

5.92 

3.64 

1.86 

0.8 

0.77 

0.87 

Dark chesnut 

30.8 

7.88 

3.06 

0.83 

1.06 

0.35 

0.73 

Desert zone 

32.0 

6.90 

2.2 

1.3 

0.93 

0.54 

0.52 

Tundra 





0.18 

0.84 


Average composition 

26.0 

7.45 

4.2 

2.4 

1.0 

1.0 

1.4 


vary slightly between different soil types, on average by not more than a factor of 1.5-2. 
Other radionuclides can appear in other soils, e.g., 45 Ca (in explosions at a coral atoll) 
and 35 S (Nishiwaki, 1954); however, these cases are not typical. Measurements of fallout 
samples and air samples taken from the near-surface atmosphere confirm the presence of 
induced activities. In addition to 60 Co, 59 Fe and 55 Fe, belonging to the third group, the 
nuclides 46 Sc (Essington et al., 1965; Krieger, 1965), 24 Na (Karlslow, 1964), l34 Cs, ,52 Eu 
and l 54 Eu(Izraeletal., 1994b; Krieger, 1965) have been mentioned in various publications. 
They, too, can be attributed to this group. 

It should be mentioned that only a minor fraction of the neutrons absorbed by the ground 
participate in the activation process. This is determined by the ratio of the sum of effective 
cross-sections of activation to that of the effective capture cross-sections of neutrons in 
the soil. For the average elemental content of the earth’s crust (for dry soil), this ratio is 
roughly equal to 0.15 (Leipunsky, 1959); the higher the moisture content, the lower this 
value. 

The salt content in seawater is practically constant all over the globe. In the open ocean 
it is about 35 g per kg of water (Alekin, 1952); the content of major ions is also relatively 
uniform. Thus in the oceans there are 10.7 g of Na + , 1.3 g of Mg 2+ and 19.3 g of Cl - 
per kg of water. Thus, for the early period (during the first 2 hours), 38 C1 and 24 Na can 
contribute substantially to the induced activity for a marine explosion. 


5. Thermophysical Properties and Radioactive Transformations of Major 
Explosion Products 

To describe the process of transition of evaporated products to the liquid phase and the 
activation of particle-carriers, it is essential to know the form of the elements/nuclides at 
the different stages of particle formation, as well as their thermophysical properties. As 
a rule, it is radioactive fission products that are converted into the nuclides in question 
following a series of radioactive transformations, the products subsequently falling out on 
to the surrounding land. Radionuclides belonging to any mass chain (isobars) can thus be 
transformed into elements with quite different chemical properties: 



Nuclide Fractionation in Atmospheric Nuclear Explosions 


27 


36 Kr 88 + n 



35 Br 89 - 36 Kr 89 — 37 Rb 89 — 38 Sr 89 — 39 Y 8< > 

4.4 s 3.2 min 15.4 min 50.5 day 


(1.26) 


As an example, we can see that the first member of this particular chain is a volatile 
element (bromine), the second is an inert gas (krypton), the third is a relatively volatile 
element (rubidium) and the fourth is refractory (strontium). If, before solidification of 
the fused particles, the mass chain cited above were represented in the fireball mainly 
by krypton-89, it is obvious that strontium-89 would be practically absent inside such 
particles. Thus, to be able to calculate the radionuclide transformations within the particles 
of all members of the chains to which the most important radionuclides belong (from the 
viewpoint of radioactive contamination), it is necessary to have a complete knowledge 
of the nuclear constants, e.g., independent yields and half-lives, etc. for the mass chains 
89-93, 95, 97, 99, 103, 105, 106, 125, 131-133, 135, 137 140, 141, 143, 144, 147, 149 
and 151. Radionuclides belonging to these chains contribute the majority of the activity of 
the mixture of fission debris for the period from I day to 10 years after the explosion 
(Grechushkina, 1964). To obtain the independent yields of individual radionuclides in 
the chain for which experimental data are not available (they are not available for many 
radionuclides!), Grechushkina and Izrael (1965) used a method, proposed in a study by 
Wahl et al. (1962), who assumed that the distribution of independent yields over the chain 
members as a function of the atomic number (charge) is governed by Gauss’ law, viz., 


p'(Z) — (c7r)’/ 2 exp 


(Z-Z p ) 2 ~ 

c 


(1.27) 


where p'(Z) is the independent yield from fission of a nucleus with charge Z (the yield 
of the whole mass chain is taken to be equal to 1, or 100%); c % 2(o 2 ± 1/12); cr 2 is the 
mean square deviation (assumed to be the same for all the chains); cr = 0.62 ± 0.06; hence, 
c = 0.94 ±0.15; Z p is some effective value of charge corresponding to the Gauss’ curve 
maximum. Wahl et al. (1962) have published the Z p values for different members of the 
chain. On the basis of these Z p values, the independent yields were calculated for all the 
chain members of mass numbers shown above. The calculation was carried out using the 
equation: 


p'(Z) — 58.2exp 


(Z-Zp) 2 ' 

0.94 


(1.28) 


(if p'{Z ) is expressed in %). The values of the independent yields obtained from the 
calculations agree closely with the known experimental results (Goldstein, 1961). It was 
also assumed here that the distribution of independent yields over Z in the mass chains, 
calculated in the case of 235 U fission by thermal neutrons, is applicable to fission products 
resulting from nuclear explosions, i.e., for fission neutrons and neutrons of 14 MeV energy. 
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Clearly, the absolute values of the independent yields a(Z) will vary for different types 
of fission, if the accumulated yields “b" are not the same, because 

a(Z) — bp'(Z). (1.29) 

Half-life values for individual radionuclides, as given by Zysin et al. (1963), Katcoff (1960) 
and Stehn (1960), have been used. Table 1.5 presents the mass chains listed above. It shows 
the mass chain number, Z p values, the directions of the radioactive transformation (by 
arrows), the half-life periods for each chain member and the calculated independent yields 
(in brackets). In addition, the table presents absolute values of the accumulated fission 
yields for different types of fission. Using these values and Eq. (1.29), it is an easy matter 
to calculate the absolute values of the independent yields for all the radionuclides and types 
of fission. 

All the chains in Table 1.5 are subdivided into three columns. Column 3 contains 
radionuclides in the form of volatile elements; column 5 those in the form of refractory 
elements and column 4 those in an intermediate form. Elements that are certainly not 
condensed in the fireball at the moment of particle solidification (T = 1673 K) were 
classified as volatile (krypton, xenon, iodine and bromine). Strontium, yttrium, zirconium, 
niobium, barium, lanthanum, cerium, neodymium, praseodymium and promethium were 
classified as the refractory elements. Their boiling points are so high that their condensation 
(or that of their oxides) will certainly be entirely completed at the time of particle 
solidification. The remaining elements, the boiling points of which (or their oxides) are 
relatively close to the solidification point of the particles, were conditionally assigned to 
the intermediate group of elements, e.g., rubidium (Rb 20 ), cesium (CS 2 O), molybdenum 
(M 0 O 3 ), rhodium, ruthenium (RuOU, technetium, antimony, tin (SnC> 2 ) and tellurium 
(TeC> 2 ). It is assumed that, at a temperature exceeding the solidification point of the 
particle materials (1673 K), the rubidium occurs in the form of Rb 20 , cesium as CS 2 O, 
molybdenum as M 0 O 3 , tin as SnCH and tellurium as TeC> 2 . Ruthenium's state in the 
fireball is unknown although it is known that ruthenium tetroxide decomposes at 106 °C 
(Zvyagintsev et al., 1965). In calculations we assumed about 10% of the ruthenium was in 
the RuC >4 form (in so doing, we used experimental data on l06 Ru fractionation). 

A part <5ii q (7”) of the /th element, transformed into a condensed phase at a temperature 
T in the fireball (if an equilibrium between the liquid and vapor phases exists), can be 
calculated from the relationship (see Eq. (1.15)) 


<5liq (T) = 


= 1 + 


Pf{T)V y 
(n, +tij)RT 


« 1 


P?(T) U v ]-' 


The amount of condensed explosion products («,) is negligible compared to the amount of 
fused ground/earth (n j ): /?, + nj ~ nj. 

In Eq. (1.30), Pf{T ) is the saturated vapor pressure of a pure component at 
temperature T, V v is the vapor phase volume; nj is the number of moles of melted ground. 
Figures 1.3 and 1.11 demonstrate the relationships between Pf(T)/T and T, compiled 
from different studies for a number of the most important elements (Glushko, 1962; 
Freiling, 1962; Freiling and Kay, 1966; Chirkin, 1968). These relationships are presented 



Table 1.5 

Mass chains of the main fission products 


Number of the Z p Volatile 

mass chain 


.881 


89 


35.42 


4.4 s* jjBr 
(48.2)** 


3.2 m *J?Kr 
(40.7) 


Intermediate 


—► 15.4 m 


37 Rb 

(4.1) 


Refractory 


Accumulated yield 


2351 


Jn fis 


^Pu, 


n li s 


238 


U n|l 


50.5 d ?!?Sr —* 4.15 1.44 2.49 

(0 8 05) 

—» stable jyY 


90 


35.84 


3.2 m j?Kr + n 


1.6 s 33 Br —> 33 s j®Kr 


(27.5) 


(56.7) 


2.7 m SRb 


90 K 
37 F 
(13.9) 


28 y 3 ®Sr - 
(0.41) 


91 


36.32 


10 s jgKr 
(50.5) 


• 72 s ?'Rb 


91, 

37 ' 
(35.6) 


91m y 

0.6 50 m 39 


9.7 hr ^Sr 
(2.9) 


0.4 


57.5 d 39 Y 


92 


36.81 


3.0 s ^Kr 
(31.0) 


37 Rb 
(56) 


2.7 hr jgSr - 
(1.3) 

3.6 hr 39 Y 


4.38 2.23 2.91 


5.27 2.69 3.32 


5.26 3.21 3.73 
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Table 1.5 — Continued 

Number of the 
mass chain 

Zp 

Volatile 

Intermediate 

93 

37.4 

2-2 s 36 ^r 
(7.2) 

—> 5.6 s ^Rb —* 
(49.1) 

95 

38.4 

short ^Kr 

'(0.1) 

—* 2 S ^Rb —* 
'(7.2) 


97 


short |gKr 


short j^Rb 


99 39.5 2.1xl0 5 y^Tc 

*— 66.5 hr ®Mo 
( 0 . 2 ) 


u> 

o 
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Table 1.5 — Continued 


Number of the Z p Volatile Intermediate 

mass chain 


102 stable'“Ru <—206 d '^Rh 

103 41.42 stable 'JjRh *— 3.97 6.25 4.89 

<— 57 m 10 -^Rh <— 

(- 0 ) 

<— 39.4 d '“Ru <— 

(0.05) 

<— 1.2 m >®Tc 
(4.1) 


Refractory 


Accumulated yield 


235, 


239 


Pu, 


Ifis 


»(T 

u ni 


105 41.8 


106 


125 49.5 


45 s 


105m 
45 Rh 

( 0 ) 


36 hrRh 


105 Ri . 
4.4 hr 44 Ku 

(0.34) 


10 m ><*Tc 
112 . 6 ) 


■ 2 m 'JpMo 
(55.8) 


1.02 


4.68 


3.53 


stable '||Te <—58 d l25 ™Te 



9.4m'^Sn 9.7d ,2 ^Sn 

_(44.6) 


0.47 6.17 3.11 


0.123 0.257 1.00 
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Table 1.5 — Continued 


Number of the Z p 
mass chain 


Volatile 


Intermediate 


Refractory Accumulated yield 


235 t t 239p n 238 it 

Un fis rU Hfls U ni4 MeV 


131 


50.77 


8.05 d *|jl 

(0.3) 


0.8 


30 hr l3l ™Te 




23 m 13 jSb<—3.4 m '^Sn 


(55) 


(31) 


25 m '^Te 
( 11 , 6 ) 


3.11 4.85 4.26 


132 


51.26 


stable 'jlxe ■ 
(~ 0 ) 


2.3 hr'||l 
(2.3) 


77 hr l 33 Te<—2.1 m '"Sb 


52 

(32.5) 


I32« 


51 ' 
(54.2) 


- 2.2 m ’^Sn 
( 10 . 8 ) 


4.44 6.32 4.89 


133 


51.46 


Xe 


- 5-27 d 133 
(~ 0 ) 


1.76 1.81 0.31 


■ 20.8 hr 133 1 

(4.7) 


15.3 m 133m Xe 


63 m 13 j 2 Te 


2 m 133 Te 
52 (42.7) 


133 


Sb 


4.1 m 51 

(46.2) 


135 


52.4 


N 135, 

6.7 hr 53 *« 
x (39.7) 


24 s ,33 Te *— 24 s l33 Sb 


(49.1) 


(7.2) 


9.2 hr 133 Xe 
54 (4.0) 
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Table 1.5—Continued 


Number of the Z p Volatile 

mass chain 


Intermediate 


Refractory 


Accumulated yield 


235, 


239 


Pu, 


n fis 


238 


U n , 


136 


12.9 d 'f|Cs- 
( 100 ) 


stable I3 |Ba 


6.2 x 10“ 3 0.083 




stable *||Xe 
'(48) 

<— 86 s l3 fl 
(52) 

13 d l 3 |Cs—*• 

stable ’jgBa 

6.44 

6.65 




'^Xe + n 









/ 



2.3 m IJ ^Ba 

-r- 




137 

53.26 

24.4 s l33 l —s 
(54.2) 

3.9 m '^Xe —> 

(32.5) 

30 y l 33 Cs”^ 
(2.32) 

„ ) 

stable 'Ig 

Ba 

6.18 

6.14 

5.71 

140 

54.34 

1.5 s ‘$1—» 16 s l4 °Xe 
(8.5) (51.5) 

—* 66 s 'fl-’Cs —> 
(36.6) 

12 d l 4 J?Ba —* 

(3.1) 

5.79 

4. 95 

4.69 


■ 40.2 hr '$La ■ 

(0.3) 


141 

54.97 

1.7 s ' 5 4 jXe 
(21.4) 

—» 25 s i4 |Cs 
(58.2) 

18 m i4 gBa —> 

(18.8) 

5.29 

4.65 

4.45 





—* 3.7 hr l4 jLa —* 
(0.73) 








* 33 d '58 Ce > 




143 

55.92 

1 s l43 Xe 
(1.2) 

— > 1 s l43 Cs —> 
(23.7) 

13 s l 43 Ba— >• 

(55) 

5.18 

4.85 

3.74 


—>• 19m 143 La 
(16) 

—> 33 hr l43 Ce 
(3.0) 

—> 13.7 d 1 jgPr 
_( 1 . 0 ) 
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Table 1.5 — Continued 


Number of the 

Z P 

Volatile 

Intermediate 

Refractory 


Accumulated yield 


mass chain 





235 it 

Un fis 

239 Pn 
^ Un fis 

238,, 

u «14 MeV 

144 

56.40 

short '^Xe 
(0.2) 

* !•-* ** s '55 Cs > 

(2.7) 

3.5s' 5 >a-> 

(49.1) 

4.76 

3.66 

3.32 





—> 15 s '^La —* 

(39.7) 
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* 2 hr '«Nd 

(87) 

151 -—93 y '^Sm ■<— 0.46 1.29 0.83 

<— 27.5 hr 'll Pm <— 

( 10 ) 


* Half-life. 

**Calculated independent yield. 

s — second, m — minute, hr — hour, d — day. y — year. 

Note: This table includes the mass chains of the fission products that contain the most important radionuclides (from the viewpoint of radioactive contamination of the 
environment). In addition, the isobars are shown in each mass chain as they allow better understanding of the transformations and behaviour of these radionuclides 


in the biosphere. 
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PJ(T)/T 



Fig. 1.11. Relationship between saturated vapor pressure Pj\T)/T and T for the intermediate group elements. 


for both the elements and their oxides (it is assumed that the elements will occur as oxides 
(although other compounds are possible, e.g., with nitrogen) in atmospheric explosions if 
they do not decompose at the given temperature). 

It is assumed that, under the conditions of thermodynamic equilibrium in the fireball, 
the molten and condensed phases are the unified phase that is in equilibrium with the 
vapor phase. The vapor phase, like the condensed part, consists of a mixture of rocks, 
construction materials that formed the nuclear charge and radioactive explosion products. 
It is also assumed that the vapor phase is an ideal gas mixture and that the molten soil does 
not enter into chemical reactions with products of the explosion. 


6. Activation of Particles 

Activation of particles starts in the fireball or the nuclear explosion cloud either when 
particle nuclei are formed in the atmospheric explosion or when the most refractory 
nuclides are condensed on liquid particles of the ground/earth-derived materials that have 
been incorporated into the fireball. The first stage of activation is completed by the time of 
particle solidification. At this stage, the nuclides penetrate the particles and spread within. 
In the second stage (from the moment of solidification to the fallout of particles from the 
cloud), the nuclides are distributed on the surfaces of particles. Rotblat (1955) has shown 
that in any explosion a uniform distribution of each nuclide is observed on the particle 
surfaces despite their sizes. This fact has been proven in our model experiments (Izrael et 
al., 1968). 
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Activation of particles by refractory nuclides (zirconium, lanthanum, yttrium, strontium, 
etc.) occurs at temperatures above that of the boiling ground/earth-derived matter (2500- 
3000 °C), i.e., under conditions far from equilibrium (at normal pressure, the temperature 
of the particles cannot exceed the boiling point of the material). Under such conditions, 
condensation is fast and it can be assumed that the condensation factor is close to 
unity. At temperatures between 2500 and 1400 °C (from the boiling point to the ground 
particle solidification temperature) during the condensation, thermodynamic equilibrium 
is possible (or conditions close to equilibrium, as was shown in Section 1.5) between 
liquid (particle) and gaseous (evaporated ground and explosion product) phases. The 
condensation factor can essentially differ from unity for the temperature range indicated. 
When equilibrium is achieved, the ratio between the z'th nuclide atoms in the gaseous and 
liquid phases is controlled by the saturated vapor pressure in the given volume at the given 
temperature and pressure. 

In atmospheric explosions, the processes of coagulation (Stewart, 1956) and agglom¬ 
eration (Lavrenchik, 1965; Adams et al„ 1960) can become significant for the formation 
and activation of particles. However, in ground explosions, they are of much less impor¬ 
tance because the assumption can be made that the overwhelming majority of particles 
results from direct condensation of gaseous products on the huge number of ground par¬ 
ticles that are involved in the fireball. Let us consider a nominal (20 kt) ground explosion 
as an illustration. According to the saturated vapor pressure and the fireball temperature, 
the condensation of evaporated ground will take place within the 0.8-2.6 s time interval 
and will be most intense in the range 1.2-1.8 s (3500^4100 K), assuming that the vapor 
phase occupies a volume of 0.05 of the fireball. If this volume exceeds 0.05 of the fireball, 
the temperature interval will be shifted toward lower temperatures. This matter can either 
be condensed on the incorporated inert material (the surface area of the melted particles of 
the disintegrated (crushed) ground will be about 4 x 10 12 cm 2 in the nominal explosion) or 
form condensation nuclei with radius r = r m l/t, where r m is the median size (for a nom¬ 
inal air explosion this is 10 -5 cm (Stewart. 1956)). At this particle size, for t = 10 -2 s, 
r = 2 x 10~ 6 cm, the SiCU vapor partial pressure above, taking into account the Thomson 
effect, will be equal to 1.10 (the surface tension coefficient being 10~' N/m (100 din/cm) 
for SiCH (Stewart, 1956)). This effect will hamper condensation on small particles, causing 
a lag or delay of 0.05-0.1 s that is compensated for by the prolongation of condensation on 
to larger particles due to thermal inertia (0.1 s). The surface area of small particles origi¬ 
nating in the first-hundredth of a second is equal to about 10 9 cm 2 , i.e., less than 0.1% of 
the total surface area of the incorporated particles (in the ground explosion). 

Radioactive product condensation, even if it continues during the period when 
condensation nuclei have been formed but not yet captured by larger particles, occurs 
mainly on the particles of incorporated material. Supposing that, for the first second (when 
about a half of the evaporated ground/earth is condensed), half of the condensation nuclei 
will be preserved and their size will grow to 2 x 10 -5 cm, their total surface area will 
increase but the flux of molecules condensing on to the small particles will constitute no 
more than 30% of the total flux. 

Although the time for particle activation is rather long (greater than several tenths of 
a second), almost the same concentration of condensation products has had time to be 
incorporated in the small particles and in the upper layers of the large particles. Apparently, 
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the volume of small particles (weighing about 0.1 t per kt explosion yield) is much smaller 
than the volume of the upper layers of large particles, where the diffusion of molecules of 
explosion products has occurred. If the depth of the molecular penetration is assumed to be 
§ = 10 p.m (see Section 1.5), the upper layer volume will be larger by nearly three orders 
of magnitude than that of the small particles and the fraction of the nuclides condensed on 
the particles formed (10 -5 cm) will be substantially less than 1% of the total amount. 

Let us consider a possible scheme for activation of particles. 1 In this scheme, the 
following assumptions are made: 

- Changes in the fireball temperature are governed by the regime described in 
Section 1.2; the temperature within the fireball is uniform; 

- The pressure in the fireball is 1 atm; 

- The period to achieve the particle solidification temperature is controlled by the 
temperature regime of the fireball, taking into account the inertial effects described 
above; 

- The distribution of radioactive products (the vapor phase) and incorporated inert 
material is uniform within the fireball (either over the whole volume or over a fraction 
constituting 20% of its volume); 

- The maximum radius (in m) is 89\/W for a fireball in an atmospheric explosion and 
&91/2W for a fireball in a ground level explosion (Izrael, 1973); their volumes are 
the same because the fireball from a ground explosion is hemispherical, the radius 
indicated corresponding to the time of solidification of particles; 

- The amount of ground melted in a ground-level explosion and coming into contact 
with the radioactivity is about 200 t per kt of explosive yield (Glesston, 1966; 
Freiling, 1962); 

- The distribution of the total mass (and, consequently, of volume and area) as well as 
the activity according to the sizes of melted (and then solidified) particles is described 
by a log-normal relationship; 

- Most of the elements are present as oxides in the fireball, excluding those whose 
oxides are decomposed (or cannot be formed) at such temperatures; 

- The ground is an ideal carrier and does not enter into chemical reactions with the 
explosion products (Freiling, 1962); 

- The maximum amount of ground evaporated in a ground level explosion is half of that 
evaporated by an underground explosion, i.e., 25 t per kt yield; 

- All radioactive explosion products are initially present in the evaporated state in the 
fireball. 

In developing the scheme of particle activation, two main problems need to be solved: 

(i) Which radioactive nuclides will be involved in the activation at the first stage (before 
particle solidification) and which at the next stage and to what extent? 

(ii) How are the different radionuclides distributed over the volumes and on the surfaces 
of particles of various sizes? 

I- The scheme of particle activation fractionation presented here was developed by the author in 1965 
(Izrael, 1965). 
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Before arriving at a solution to the second question, a comprehensive answer to the first 
is required. To calculate roughly the amount of a radionuclide penetrating the particles (the 
fraction of the nuclides belonging to the ith mass chain and penetrating the particles is 
denoted as F) (the analogous value for an individual nuclide being Fzi), we can assume 
that all isotopes of the elements with boiling temperatures 7], higher than the melting 
temperature of the ground 7], can penetrate the particles. The concept of this calculation 
was presented by the author (Izrael, 1965), while some data are given in (Grechushkina 
and Izrael, 1965). More detailed results were published in 1973 (Izrael, 1973). Such an 
approach is valid for isotopes of elements for which 7), T\. 

It is the straightforward to obtain Fzi values for different elements using Eq. (1.30) and 
assuming that: 

Fzi —&\(T\). (1.31) 

Clearly then, 

F,(7i) = £>(Z,r,)F z ,(7i), (1.32) 

z 

where pi(Z, T\) is the isobar share in nuclei with atomic numberZ in the/th mass chain for 
the particular isobar at the time of particle solidification (at temperature T\). The time when 
particle solidification happens can be derived from the curves of the fireball temperature 
decrease taking into account inertial effects; p'(Z, t )—see formula (1.28). p/(Z, t ) can be 
calculated using the following equations: 

A(Z,t) = />;(Z)e- /z ', 


Pi (Z+\,t) = p';(Z)\z 


-X z t 




A-z+i - A .z 
+ Pi (Z+ l)e' Xz +''. 


+ 


A-z - Az+i 


(1.33) 


Figure 1.12(a-d) presents changes in p, (Z, t) for nuclides of the most important mass 
chains belonging to the intermediate, refractory and volatile groups. The figure shows 
curves for each intermediate nuclide and, in the case of the refractory species, the 
curve reflects their sum but is indicated by one of the most important or well-known 
nuclides. Figure 1.12d shows pi{Z,t) for the volatile nuclides including those whose 
precursors were refractory or intermediate species; the curves are given for the sum of 
the volatile nuclides. 

Table 1.6 presents Fzi values (at T\ = 1673 K) calculated assuming that, at the time of 
particle solidification, the vapor phase volume occupied either the whole fireball volume 
(e = Vv/ Vfb = 1) or 0.5, 0.2 or 0.1 of its space. 

Figure 1.13 shows the relationships Fj (t) for different chains (when e = 1). Calculations 
of F[(t) values (when e = 0.2) show that the values are quite similar for all chains except 
for those with numbers 89, 90 and 137. 
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Fig. 1.12. Change in pj(Z, t) for (he intermediate (a, b) elements. 
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Table 1.6 

Fz- values (%) for nuclides in the form of different elements and different volumes of the vapor phase 


e 

M 0 O 3 

Te0 2 

Cs 2 0 

RbsO 

Sb 

Sn0 2 . Te 

1.0 

1.82 

4.4 

5.5 

11.3 

94.9 

98.2 

0.5 

3.6 

8.6 

10.4 

20.4 

97 

99 

0.2 

8.5 

19 

21.6 

39 

99 

99.6 

0.1 

15.7 

31.9 

36.9 

56.2 

100 

100 


F, 



Fig. 1.13. Time-change in the fraction of the i th mass chain nuclei, transformed into SiC >2 condensed phase. 


Additionally, 


FiU) = 


QjiO 

Qi (t)' 


(1.34) 


i.e., the ratio between the activity of the /th nuclide penetrating the particle and the total 
activity of this nuclide at time t. 

Fractionation effects are proportional to JTi and are shown in the relationship between 
sJ~Fj and t in Fig. 1.14. 

To conduct detailed calculations of the fractionation effect, one should know the fraction 
of the total activity of radionuclides that penetrates the particles (or the y -activity for 
different time periods). The fraction of the total activity is determined by the formula: 


r]U, H) 


Z k Y k he~ h, F k (t i) 

£* Y k k k e-^t 


(1.35) 
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The y -activity contribution is 


12k'Ez Y k^c-^'pi(Z,t ] )F Zi (t ] )Ezk 
E*Ez Pi (Z,t\)Ezk 


(1.36) 


where Ezk is the y-radiation intensity of decay for each isotope (Z) in the Arth mass chain, 
MeV/decay; Yk is the yield of the given chain from fission; A.* is the decay constant. 

Figure 1.15 shows the relationships between values of ij(t, t\), i) Y (t , fi) and t\ in different 
types of fission: 235 U, «fi s (curve I); 239 Pu, «hs (curve 11), and 238 U, ni 4 MeV (curve III) at t 
equal to 1 and 10 days after the explosion and e equal to 1 and 0.2. 

An estimate of the distribution of refractory and intermediate nuclides by particle 
volumes and those of intermediate and volatile nuclides by surfaces (at the second 
stage of activation) can be made as follows. Initially, we consider the activation of 
particles under conditions far removed from equilibrium. It is known from kinetic theory 
(Lavrenchik, 1965) that the number of /th element molecules occupying a unit area of any 
surface in unit time is defined by the expression: 


Ji 


njVj 

4 


(1.37) 


where u,- is the mean velocity of the molecules, equal to /(jutij); «, is the 

concentration of molecules; m, is their mass. Note, e.g., that in the fireball (T — 2000 K), 
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Fig. 1.15. The relationship between the total activity (a, b) and y-activity (c) of a non-fractionated mixture of 
fission debris at various times t in melted SiC >2 and at time t\ after melt solidification. 


Vi is about 7 x I0 4 cm/s for rubidium and strontium and about 6 x 10 4 cm/s for cesium. 
According to the Fuchsian equation, the condensation rate for one particle (of size r greater 
than 1 (am) can be written as: 


iii V[ r + X 

h=aS— -=-. 

4 air 2 + r + X 


(1.38) 


Here, a is a condensation coefficient (fraction of condensable molecules), S is the particle- 
surface area; / = (£>,-/4)/£>, where D is a diffusion coefficient. According to the data of 
Lavrenchik (1965) for strontium, D is equal to 0.25 cirr/s in air at T ~ 2000 K; according 
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to Storebo (1964), it is 2-3 crrr/s; k is the free pathway length 0.1 pm for the molecule 
under normal conditions. 

If there is no re-evaporation and we can assume that first order kinetics apply, then the 
condensation rate S on the surface of all the particles will be described by the formula (for 
r » k) 


d hi Vi S 

—- = am - - -, 

d t 4V v (alr + 1) 


(1.39) 


where V v is the vapor phase volume from which the condensation proceeds. Hence, 

m = «°e~ f/, \ (1.40) 

where n? is the initial concentration, 


4V v (alr + 1) 
aijS 


(1.41) 


is the mean time of the molecule’s existence in the vapor phase (a does not change during 
the activation, i.e., a = constant). 

If a is so small that air <?C 1, then 


4 Vy 
aijS 


(1.42) 


Assuming in the ground explosion 2 that log*/ = 2.0, a = 0.76 (Izrael, 1973; Johnson et 
al„ 1959), A/ m eit = 2 x 10 8 W 2 , VWbaii = |7r(89v / 2M7) 3 x 10 6 cm 3 % 2.9 x 10 l2 Vk cm 3 
using Eqs. (1.41) and (1.42), we find that, for V v = Vfb, t v = 10~ 2 s; for V v < Vfb, t y is still 
smaller. Obviously, volume Vj from which the molecules diffuse for a time f v will be close 
to V v : 


4 

Vd = N-7T 


(72 dT v )\ 


(1.43) 


where 


IV % M mdt W jp A -nrl. 

Assuming D % 1 cm 2 /s, r v = 10 -2 s, VV = 1 kt, M me \ t — 200 t/kg, p = 2.5 g/cm 3 , 
r m — 5 x 10“ 3 cm, we obtain Vj = 1.8 x 10 12 cm 3 , which is close to V v when W — 1 kt. 
As has been noted, / v is the period of existence of the molecules in the vapor phase under 
conditions far from equilibrium (a < 1). Under conditions close to equilibrium (a — 1) 
and for the same time, collisions between molecules and particles certainly take place; 
however, it is not certain that the molecules are captured. 

2 It is accepted here that the fireball volume in a ground explosion is one half that in an air explosion. 
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After the refractory and intermediate nuclides condense on to the liquid particles, they 
begin to diffuse into the particles. To estimate roughly the mean depth £ 2 of penetration of 
the i'th nuclide into a particle, Einstein’s equation can be used: 

I 2 = 2 Dit, (1.44) 

where D, is the diffusion coefficient for the molecules of the element of the ith 
nuclide for the form in which it occurs in the fused rock. More accurate calculations 
(Lavrenchik, 1965), based on the use of thermal conductivity formulae to estimate the 
diffusion of material into spherical particles (calculated for a sphere with a given heat flux 
on the surface (Carslow and Eger, 1964)), lead to the conclusion that the concentration of 
molecules diffusing in the layer does not differ from the average by more than 30 
per cent. Thus, the use of Eq. (1.44) is quite reasonable for approximate calculations. 

In general, the volumetric contamination er v (averaged per particle) varies. Three cases 
are possible (in contamination): 

1. When constant values of a' s are fulfilled. This case exists only for particles of small 
size (e.g., in atmospheric explosions or when the activation period r a is long, as in very 
powerful explosions). 

2. Fast activation (a characteristic feature of low yield explosions and the most 
refractory nuclides); here the nuclide flux through the particle surface is constant and does 
not depend on the particle size. 

3. The most common case which occurs during particle activation when the volumetric 
concentration of the contaminated layer of particles tends towards homogeneity as the 
nuclides diffuse into the particles, a v tending to become constant. It occurs because initially 
a quantity of molecules proportional to the surface area of the particles penetrates into 
the layer of y/f* thickness (see formulae (1.38)), resulting in a different concentration 
of molecules in the upper layer (the concentration being higher with smaller particles). 
In turn, this leads to a rise in vapor pressure in the vapor phase of a soluble component 
(Akopyan, 1955) above the smaller particles and to faster condensation on the larger ones. 
Thomson’s effect (the increase in saturated vapor pressure above small particles) caused by 
surface curvature of particles larger than 0.1 pm in size can be considered, in this situation, 
to be negligible (Yunge, 1965). 

The third case is intermediate between the first and second. The particle-size distribu¬ 
tions of the total volume of particles V ( r ) and of the volume containing the / th nuclide (at 
the moment t\ of particle solidification) are slightly different. Apparently, 


Vj(r,t])= V(r)xi{r, t\). 


(1.45) 


where 


Xi(r, t\) = 


- [r - r 0 {t 0 , /t)] 3 } _ 3r 0 3 


4 3 


_~ _ _W_ I w 

r r z 


(1.46) 


/ 

Jtn 


0,(1) At 


1/2 


ro(to, h) = 


(1.47) 
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(when nj > r, (r, /|) = 1 ); to is the initial time of activation; we will attribute to to the 
time of the maximum condensation rate, because the ith nuclide condensation is prolonged. 

The third case is the most typical for the intermediate group nuclides, which penetrate 
entirely or partially inside the particles at a temperature close to that of particle 
solidification. The following relationships have been calculated 


V/(r, fi) 


Vj(r, f|) 

/o°° V/(r,fi)dr 


(1.48) 


for the following radionuclides (the most important from the point of view of contamina¬ 
tion): 89 Sr, 90 Sr, 95 Zr, l 03 Ru, 131 I, l 32 Te, 137 Csand 140 Ba. During activation, these nuclides 
(see Figs. 1.2, 1.3, 1.11 and Table 1.5) are present in the condensed phase mainly as ru¬ 
bidium ( 89 Sr and 90 Sr), strontium, yttrium ( 95 Zr), antimony and tellurium ( l31 I and l 32 Te), 
cesium and barium ( 137 Cs and l 40 Ba). Time to corresponds to the time when the following 
temperatures are attained: 3150 K for strontium, 2670 K for barium, 1870 K for antimony, 
1673 K for rubidium and cesium (the ground-melting temperature). In a 20 kt explosion, 
the activation times are, respectively, 4.0, 3.3, 1.3 and 0.3 s (see curve 3 in Fig. 1.1). 

Dj(t) values at different temperatures have been presented in a number of studies 
(Lavrenchik, 1965; Musikhin and Esin, 1962) for sodium, calcium, niobium and antimony. 
Later it will be seen that D,(r) for rubidium and cesium coincides with D,(f) for sodium, 
and that for barium, strontium, yttrium, tellurium and tin with the £>,(r) for calcium and 
antimony. 

Figure 1.16 shows the relationships for the above listed nuclides at t\ — 1 s (for a yield 
of ~ 20-30 kt); V,' corresponds to 95 Zr, V ' 2 —to the nuclides 103 Ru, 131 1 and l 32 Te, and 
V 3 —to the nuclides 89 Sr, 90 Sr and l 37 Cs. V(d), taken from a study by Freiling (1962), 
is governed by a normal logarithmic relationship for a median size of particles equal to 
100 |im and a mean square deviation for a = 0.76. For comparison, the figure also portrays 
the relationships between V'(d) and S'(d) (see below). 

As to the nuclides that are in the form of elements essentially different in their chemical 
properties during the activation of particles, it is necessary to take into account the 
accumulation rate of the element that condenses most rapidly at the given time. Thus, in 
calculating V- for 140 Ba, we need to take into account changes in the l40 BaO concentration 
in the fireball during the activation due to two processes, viz. the accumulation of 
decomposed l40 Cs and the condensation process. If the condensation of newly formed 
140 BaO is rapid enough (compared to the whole activation period), one could surmise that 
the concentration a' v in the layer adjacent to the surface of the given particle, at each 
subsequent moment t*, is defined by the equation 


a 


Vi — 



Vj(0 

Vi(t*-t) 


dr. 


(1.49) 


where u, (r) is the rate of l40 Ba accumulation from l 40 Cs; V, is the volume of the given 
layer. 

After solidification, the second stage of particle activation begins; the radionuclides 
which had not condensed before particle solidification are deposited on the surface. 
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S'(d), V(d) 



Fig. 1.16. The relationship between the contaminated layer volume and particle size (for different nuclides). 


Here, an assumption can be made that any nuclide depositing on the particle surface 
will be deposited with a constant surface concentration not related to the particle size. 
As indicated above, model laboratory investigations (described below) confirmed this 
assumption (Izrael et al., 1968). The area of sub-micron particles was believed to be already 
relatively small for t > t\. 

Given that the average period a molecule spends in the vapor phase is not long and 
that the condensation coefficient on a solid surface is practically equal to unity (for 
nuclides which begin to condense before solidification), such nuclides (belonging to the 
intermediate group) will be condensed several tenths of a second (or several seconds) 
after particle solidification. Further, the refractory or intermediate nuclides, resulting from 
volatile species, will condense on the surface of particles inside the fireball or cloud 
(e.g., 89 Rb resulting from 89 Kr decay). The condensation coefficients of such nuclides 
are also considered to be equal to unity (within the same time interval). They will 
continue to condense on the particles until the latter are deposited from the cloud (under 
gravity). 

Evaporation can also take place of the volatile nuclide particles that are formed from the 
refractory ones deposited on to the particle surface (e.g., 133 I and l33 X formed from l33 Te). 
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One should take into account, however, that, if the iodine evaporation occurs from fallout 
particles deposited on land, terrestrial contamination by iodine can remain due to the 
secondary uptake of the iodine (e.g., by plants). These secondary effects are not discussed 
here. 

The activity distribution of the ith mass chain nuclides on particle surfaces can be 
described by the following equation (for any time t) for the chains where element trans¬ 
formations (resulting from radioactive decay) follow the scheme: volatile-intermediate- 
refractory elements (e.g., for chains with numbers 89-93,97-144): 

N?(r,t) = Qi(t)S , (r)\^2pf ] (t lz )[\ - F Z /«l)] + jT u,(f 7 )/(r, t)dt 

= Qi(t)S'(r)G S (r, t, t]). (1.50) 

The index “in” refers to intermediate elements; Vj (/') is the rate of formation of non-volatile 
nuclides from the volatile ones (index “v —»• r”); Vj(t') = dp^^t, Z)/dr; /(r, t) is the 
fraction of particles of size r and smaller remaining in the cloud at time t. If within the 
time interval under consideration (f, q), the accumulation pJ(Z,t) has already ceased 
and changes with time for the volatile isotopes are influenced only by its decay, then 
Vj(t) = pT" >r (t|)A. ( e _Af(/_ ' l) ; S'(r) = S(r)/ Jf S(r)dr; Q,-(t) is the total activity of the 
ith nuclide for period t. 

Figure 1.17 shows the relationship f(r, t) for particles of 30-500 pm in radius (i.e„ the 
particles from near-fallout) for explosions of 20 kt and 1 Mt yields. This relationship was 
calculated assuming that the particles and radionuclides are concentrated in the upper part 
of the cloud (see Section 1.3). It is here that, according to experimental data, the major 
portion of the activity of the cloud is concentrated (Ferber, 1965). The deposition rate of 
the particles was calculated according to Stokes’ law (corrections being made for particles 
exceeding 100-150 pm in size) for heights of 7-12 km above sea level (the cloud height 
for explosions of the yields cited). Particles were taken to be spherical with a density of 
2.5 g/cm : \ The cloud thickness was taken to be 2-3 and 6-8 km (Kellog and Rapp, 1957) 
for explosions of 20 kt and 1 Mt, respectively. 

The total surface contamination of particles crs, equal to the ratio N s (r)/S(r) for 
nuclides having comparatively long-lived volatile precursors, depends therefore on particle 
size. Because gravitational deposition of particles occurs from the cloud, the types of 
particles remaining at the second stage must be taken into consideration. For the chains 
where the element transformation is preceded by the scheme “refractory-intermediate- 
volatile” (e.g., for mass chains with numbers 131-135), the formula for N s (r, t ) will take 
the form 

Nf(r, t) = Qi(t)S'(r) £[1 - F Z /(r,)][p; n (fi. Z) - p\t, Z ) + p v (t u Z)} 
z 

= Qi(t)S'(r)G s (t,t i). 


(1.51) 
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f'(r.t) 



At moment fo when the amount of iodine isotopes transformed into xenon is negligible 
in mass chains 131-135, and if iodine evaporation from the particles can be ignored, then 
the following approximation can be made: 


G s (t, t\) = £[1 - F Zl (h)][/>; n (/|, Z) - p v (t, Z) + p v (tu Z)]K 1 - F,(h). 

(1.52) 


The same approximation is valid for mass chain 103. Using the obtained equations, one 
can determine the character of the relationship between the activity of individual particles 
and their sizes a,(r). Thus, 


Nj(r) = N?(r) + N?(r) 
n{r) n{r ) 


(1.53) 


where n(r) —3V(r)/4nr 3 is the size distribution of the particles. 
As to the general (the third) case of intermediate contamination, 


(V,V)= V(r) X i(r)a^, (1.54) 

Nf(r ) = S(r )a s , 


(1.55) 



50 


Radioactive Fallout after Nuclear Explosions and Accidents 


where 


S(r) = 


3 V(r) 


Hence, 


= 47T(Ty 


ro + 





(1.56) 


where crs = constant, <7y = constant for a given explosion (if crs variations are negligible 
due to deposition of particles from the cloud). Thus the relationship a,-(r) is intermediate 
between a quadratic and cubic one for each nuclide (as well as for their sum). It follows 
from Eq. (1.56) that, when ro —»■ 0 (or cry = 0), the relationship a, (r) becomes quadratic 
and that, when r = ro, it is cubic. Apparently in the case when equilibrium does not 
exist, the relationship a, (r) is intermediate between quadratic and cubic. The relationship 
a, (r) is close to quadratic even for refractory nuclides (when crs = 0) and large particles 
(corresponding to the close-in pattern). When ro ^ 10 pm and 100 pm < r < 1000 pm, 
a; id) is approximately equal to d n , for refractory nuclides where n = 2.1. In this case, the 
relationship ai(r) also should be intermediate between quadratic and cubic for the sum 
of the nuclides. The different situations were confirmed by Loborev et al. (1994) from the 
data on six explosions carried out at the Semipalatinsk Test Site in 1953-1961 (Fig. 1.18). 
This figure shows that the values for n range between 2 and 3 for cases (a)-(d), for case (e) 
it is close to 2.0, and for case (f) it is nearly 3.0. 

To verify the calculations of particle activation and fractionation effects, some modeling 
experiments of nuclear explosion particles were conducted in the laboratory (Izrael 
et al., 1968). Of primary importance was a verification of the assumption that the refractory 
nuclides were distributed over the particle volume and the volatile ones only on the surface. 
For this purpose, cts was determined for particles of various sizes for the same activation 
period. Conditions under which radioactive particles were formed in a nuclear explosion 
were reproduced in the laboratory. Radioactive particles were obtained which simulate 
those formed in ground explosions. Two methods were used to obtain such particles: 

1. Particles were generated using a coal-graphite resistance furnace. A well-stirred 
mixture of finely-crushed coal (80-90%) and graphite (10-20%) was used to fill the 
space between two flameproof tubes made of quartz glass. Copper, river sand and 
phosphorus were used as the particle-carriers and crushed material of the carrier and 
nuclide was mixed as flameproof particles of 0.1-0.5 mm size in a ratio of 1 : 10. The 
mixture obtained in this manner was placed in the inner tube of the furnace and heated 
for about 1 min. The current varied from 20 to 60 A (voltage was 220 V) during the 
experiments and the maximum temperature attained in the operating volume was 
about 2000 °C. 

2. In this experiment, the particles were generated in a high temperature plasma using 
an induction plasma burner at atmospheric pressure. A mixture of quartz-sand grains 
or other material and the nuclide chosen for the investigation was injected through a 
fine aperture along the plasma axis. The maximum temperature of the plasma reached 
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Fig. 1.18. The beta-activity-size relationship of particles in different experiments: (a) 12 August 1953; (b) 29 July 
1955; (c) 25 March 1956 and (d) 24 August 1956, all trends three or more years after the explosion; 
(e) 24 August 1956, trend within three hours of the explosion; (f) 24 September 1961. 1 — calculated; 
2 — experimental data. 


12000 °C, the atmosphere consisting of oxygen or inert gases. The molten particles 
cooled rapidly as they descended and did not stick together in the air or inert gas 
receiver (h % 1 m). Electric arc and coal resistor furnaces can also be used to produce 
the particles. 

Radioactive particles produced in these ways were examined carefully. Their shape, 
colour, structure and specific weight were investigated, as well as the relationship between 
the activity of the particles and their size. The relationship between surface concentration 
of nuclides and particle size was calculated. On the basis of their appearance and structure 
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it was difficult to distinguish between these particles and those formed in ground-level 
nuclear explosions. All were of spherical shape (or close to it); as to the structure and 
colour, the particles varied from light and glassy to black and opaque with bright surfaces. 
The structure and colour of the model particles were determined by the mineralogical 
composition of the initial ground particles. 

During the experiments made in the coal-graphite furnace, the activity-size relationship 
of the particles was investigated. Copper (T^nei = 1080 °C) was chosen as the material for 
the particle-carriers and 35 S and 76 As were the radionuclides (with boiling points of 450 °C 
and 600 °C, respectively). The relationship between the mean specific surface activity as 
for 35 S and 76 As in the particles and their size was examined (Izrael et al., 1968) over 
the range 150-1600 pm (64 particles with 76 As and 339 with 35 S). It was found that 
the activity as essentially did not depend on the size of the particles within this range 
(mean square deviation for the average value was 18%). Thus, under these experimental 
conditions for particle generation, the earlier assumption re. the surface concentrations of 
volatile nuclides in particles of various sizes appears to be valid. Analogous experiments 
were also carried out for quartz sand. 


7. Characteristic Features of Fractionation of Radioactive Products from 
Tropospheric Nuclear Explosions 


At the present time, extensive sets of experimental and theoretical data are available 
(Freiling, 1961, 1962, 1966; Lavrenchik, 1965; Izrael and Stukin, 1967; Izrael, 1965; 
Grechushkina and Izrael, 1965) to enable estimation of the characteristic features of 
radionuclide fractionation in nuclear explosions, to develop schemes for the quantitative 
estimation of fractionation effects and hence to predict the radionuclide composition 
of terrestrial contamination resulting from nuclear explosions. The data do not allow 
us to make even a rough prediction of the terrestrial contamination by individual 
nuclides without the necessary systematization and compilation of the above-mentioned 
schemes. Freiling’s studies (1961, 1962) were the first major publications devoted to the 
fractionation of nuclides. Freiling described the main features of fractionation in surface 
and air explosions. However, his studies did not allow us to estimate quantitatively the 
fractionation on contaminated land at different distances from an explosion. The author 
and his colleagues have made a number of attempts to compensate for this deficiency 
(Izrael, 1965, 1968; Izrael and Stukin, 1967; Grechushkina and Izrael, 1965) and we 
present here a scheme for the quantitative estimation of fractionation factors in explosions 
of different types and yields and for particles of various sizes. 

It is known that the fractionation factor fi j can be specified as a number, by which the 
ratio between two nuclides varies as a result of any processes after their generation. In this 
case, it signifies the ith nuclide fractionation relative to the y'th one: 


fij(J • r ) 


nj(t,r) _ m{t) T 
nj(t,r ) ' rtj(t) T ' 


(1.57) 


where n,(r,r) and >ij(t,r) are nuclide activities determined by the experiment. They 
belong respectively to the /th and yth mass chains in a particle (or a group of particles); 
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r is their size at time t after an explosion. H;(r)r /nj(t)T is the theoretical ratio (at a 
time t ) between the activities of the same nuclides (or the number of nuclei) formed in the 
explosion. 

Thus, 


nj{t)T _ YjXje Xit 
>ij(t) T YjXje~ x ' r 


(1.58) 


where Yj / Yj is the ratio between numbers of nuclei of the i th and yth nuclides at formation 
(in the case of their formation from fission—the ratio between the accumulated yields); 
Xj , Xj are the radioactive decay constants. The fractionation factors can be greater or less 
than unity besides varying over a wide range. In Freiling (1961), the nuclides 95 Zr and 
89 Sr were chosen as the basic nuclei i, j for the calculation of fractionation factors. This 
choice was connected to the fact that their ratio is a sensitive function of fractionation, 
because there is a relatively long-lived volatile nuclide in the chain with mass number 89 
( 89 Kr with half-life of 3.2 min) and the chain with mass number 95 essentially contains no 
volatile parents. Additionally, both nuclides belong to the “peak” products, i.e., they are 
formed in relatively abundant quantities. The choice of 95 Zr and 89 Sr is also appropriate 
because fractionation of this pair of nuclides is at a maximum. It was found that the value 
of /95,89. calculated on the basis of different samples, varied five-fold for an explosion of 
1 Mt yield; twenty fold for an explosive yield below 1 Mt at the surface of a deep bay; 
twelve-fold for a 1 Mt surface detonation on a shoal and hundred-fold for an explosion 
conducted on a coral atoll surface (Freiling, 1961). The range of values for / 95,89 is among 
the highest for listed ground nuclear explosions. 

The value of fjj is a complicated function of the type and yield of the explosion, the 
surface characteristics, location and time of sampling, the size and type of radioactive 
particles in the probe, etc. The calculation of the fractionation factor of a nuclide relative 
to another, e.g., to 95 Zr, is performed through a correlation of the values of / 95,89 and /;, 89 , 
obtained for different samples from the same explosion. In conducting this correlation, it 
should be realized that the regression line gradient characterizes the mean fractionation 
factor of the nuclide in question relative to 9? Zr. Figure 1.19 shows the correlations of 
various nuclides (on a logarithmic scale) for an underground cratering explosion (Izrael 
et al., 1970a,b). It follows from the figure that the /th nuclide fractionation is characterized 
by two values—the tangent of the angle of inclination bj (bj = tana) of the regression line 
and the value of the ordinate o, when log / 9 s ,89 = 0 (the value of the “cut-off”). Figure 1.20 
presents the analogous correlation graphs of fractionation factors in an atmospheric nuclear 
explosion (Freiling, 1963). 

If we suppose that the 95 Zr is distributed only over the volume of a particle if a(r) ~ 
r N[ , Nj being equal to 3.0, and 89 Sr only on the surface (A,- = 2.0), it was shown by 
Freiling (1963) that a logarithmic correlation exists between /, x 9 and / 9 s .89 as follows: 


log fi ,89 = 0 / + bj log / 95 , 89 , 


(1.59) 
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Fig. 1.19. Correlation graphs of the fractionation factors for various nuclides as determined in the fallout pattern 
from the Sary-Uzen, 1003 explosion. 


h 0,95 



Fig. 1.20. Illustrative correlation graph of fractionation factors in an atmospheric nuclear explosion. 


where ct, is the value of “cut-off”, bi is the tangent of the angle of inclination of the 
regression line. The same study showed that bi — Nj — 2, and 


a; = 


4.6 


(1.60) 
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Here a 2 is the mean square deviation in the logarithmic distribution of activity or mass 
of the radioactive particles by size. The value of a, attains its maximum when bi = 0.5 and 
is equal to e CT ^ (Freiling, 1963). 

The depicted regularities allow the development of a simplified semi-empirical predic¬ 
tion model for the fractionation effects. If b, characterizes the angle of the regression line 
(logarithmic correlation), then the distribution of the ith nuclide activity by particle size 
will be characterized by the logarithmic distribution with the median diameter as obtained 
from the formula de (b, ~ 1, ° 2 , where a 2 is the mean square deviation. Here d and a 2 are 
parameters of the normal logarithmic distribution of the radioactive-particle masses with 
size. Undoubtedly such a prediction is approximate because fc, values vary in different 
contaminated zones, e.g., in the cloud—as numerous experimental data have shown (Freil¬ 
ing, 1961). However, such an approach seems to be quite simple. 

It is also evident from these statements that a single-valued relationship must exist 
between n;, bj and F,. The tangent of the angle of inclination of the regression line can be 
obtained, e.g., from the graphs in Figs. 1.19 and 1.20 


bj — tan a — 


log(/;.y)a - log (fj.j)b 

•0g(//t,))a - log (fk.j)b 


log 


t/f../ )b 


log 


(fk.j) a 

(fk.j)b 


'»e[(y„dUd 


( 1 . 61 ) 


From Eq. (1.61) it follows that the value of bi does not depend on the type of fission 
(ratios YJYj and Yk/Yj were cancelled); bj does vary for different nuclides (i, j) and is 
dependent on the nuclide (the klh nuclide), with which each pair of fractionating nuclides is 
being correlated. In this connection, bi should then be written with the threefold index bjjk- 
It is clear also that b / and a, depend on the size distribution of particles (bj — Nj - 2). 

It follows from the graph in Fig. 1.19 that 


To = log a; = log fij - bjjk log fk.j -► a , = 


fi.j 


(1-62) 


Hence, 


mY, 


bijk bijk-l 


n^Y.Y 1 ^-' 


(1.63) 


In the general case, the value of the “cut-off” varies for different (i, j) nuclides and 
depends on the type of fission and the nuclide ( k ) chosen as the reference. Since, in 
practice, different nuclides are used as the reference nuclides and since the parameters of 
the regression equation for fractionation factors depend on the type of reference nuclides, 
Izrael (1973) has developed formulae that relate the fractionation factors to different 
reference nuclides. 

The values of the tangents of the angles of inclination of the regression line (in the 
logarithmic correlations of different nuclides of samples taken from contaminated areas 
following high yield atmospheric explosions (Freiling, 1961)) are shown in Table 1.7. 
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Table 1.7 

The values of tan a at correlation for differ¬ 
ent nuclides after atmospheric explosions 


Nuclide 

tan o' 

90 Sr 

0.32 

99 Mo 

0.11 

l32 Te 

0.60 

l37 Cs 

-0.06 

140 Ba 

0.43 

144 Ce 

0.94 

23? U 

1.04 

239 Np 

1.05 


Note that the inclination essentially does not depend on the environment. The values for 
the “cut-off” a,- oscillate around unity. 

The experimental results presented in Table 1.7 show that fractionation depends, 
to a significant degree, on the existence of volatile precursors in the decay chain. 
Freiling (1961) has developed the relationship between tan a and the fraction of refractory 
elements F, in the mass chains of particles that are in the condensed phase at the time of 
their solidification. This relationship can be described by the equation 

log 89 = s/Ti log /95,89- (1 -64) 

Results of ~/Fi{t) are presented in Fig. 1.14 and in (Izrael, 1974). In low yield explosions, 
the fractionation effect is more clearly pronounced (Kroker et al., 1965). This latter study 
presents some data on the relationship between fractionation factors and particle sizes. 
Studies by Freiling and Kay (1966), Edwarson et al. (1959), Mamuro et al. (1963b, 1965a) 
and Gaziev et al. (1965) are devoted to the fractionation of radionuclides in atmospheric 
explosions. As a rule, the range of values of / 9 s ,89 is smaller in atmospheric explosions 
than in surface ones; however, in individual cases, it can reach values of 500-900 (Freiling 
and Kay, 1966). The latter authors concluded that the following groupings of nuclides 
became fractionated in practically the same manner in an atmospheric explosion as in a 
surface detonation; 237 U, 239 Np and 240 U; 111 Ag and 11? Cd; 95 Zr and 97 Zr; 153 Sm, 156 Eu 
and lf,l Tb. Zr isotopes did not fractionate relative to those of rare-earth metals; and the 
behaviors of l37 Cs, 89 Sr and 90 Sr were practically identical. 

Freiling (1962) arrived at a series of nuclides arranged in order of the increase of their 
refractory properties (taking into account their precursors) as follows: 137 Cs, 89 Sr, 90 Sr, 
l36 Cs, ” 5 Cd, 111 Ag, l40 Ba, 91 Y, 14l Ce, "Mo, Ru, rare-earth isotopes, Zr. 

Freiling and Kay (1966) also demonstrated the correlation between the thermodynamic 
properties of the elements and the parameters of nuclide fractionation. It is notable 
that substantial “inverse” fractionation was not observed experimentally in atmospheric 
explosions (Edwarson et al., 1959; Mamuro et al., 1963b, 1965a; Gaziev et al., 1965), 
a feature that is characteristic of distant fallout from surface explosions. The reason is that 
the fraction of the activity situated on large hot particles is generally not significant and the 
mass balance is essentially not disturbed for nuclides located on very thin particles. 
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Fractionation in underwater and near-surface water explosions (when the thickness of 
the water layer is considerable) approaches that in an atmospheric explosion (Adams et 
al., 1960; Freiling, 1961). The reason is that, in such explosions, most of the activity is 
contained in small spherical particles that are generated from the construction materials 
of the nuclear charge, in much the same way as in atmospheric explosions (Adams et 
ah, 1960). 


8. Quantitative Estimation of Fractionation Effects 


As shown previously, fractionation factors can vary over a wide range even for samples 
taken near each other (in space and time). In the development of a scheme for the 
quantitative estimation of fractionation effects, we have to visualize average fractionation 
factors , r) for particles of the given size. The values of this factor when correlated 
with factors fk.jti, r) obtained for other samples (and the same range of particle sizes) can 
be considered to correspond to the regression line of a correlation graph. The mean value 


fk,j (t, r) 


nj(r, t) _ nj(t) T 
hj(r,t) ' nj(t) T 


corresponds to the specific value fij(t,r). In this case, one can write; 


hj{r,t) _ Nj(r,t) _ N?(r, t) + Nf(r, t) 
n j(r, t) N j (r, t) Nj (r, t) + N*(r, /)' 

where /V ( v (r, t), Nf(r, I) and Nj{r,t) are functions of the distribution density of the 
volumetric, surface and total activities of the /th nuclide (or the total mixture of nuclides) 
for A v (r, f), N s (r, t) and N (r, t) with particle sizes at time /, / 0 °° A,- (r, t)dt — Qj ( t ) being 
the total activity of the / th nuclide at time t. Thus, 


Yjkjtr^'lNy^Q + NfW] 
YiXie-^'[Nj(r,t) + N^{r,t)] 


( 1 . 66 ) 


It is possible to write a number of relationships that are valid for the activation schemes 
considered in Section 1.5 of this chapter (Izrael, 1973), viz.: 

1. For a case when volumetric contamination of particles is constant (ay — const) 


A, v (r) = V(r)a Vi , 


(1.67) 


where 


a Vi = 


Q?(t) 

fo° v ('•) dr ' 



58 


Radioactive Fallout after Nuclear Explosions and Accidents 


2. For a case of fast activation when the nuclide flux through the surface of the particles 
is constant 


N?(r) = /3S(r), 


( 1 . 68 ) 


where 

Q _ Q'i (t > 

P fo°°S(r)dr- 

3. The most common case where the volume concentration in a layer of diffused 
nuclides has become homogeneous (af = const) 


A f(r) = V(r)xi(r)(Ty., 

where //(r) is determined by Eq. (1.46) 


Vi / 0 °° V(r)xi(r)dr' 

It is also possible to write for the first two cases: 


(1.69) 


(1.70) 


<(r) = 


YjXjC-^Fj 

Ek Y k he~ Xkt F k 


N V (r). 


For any nuclide Qf = Qj Fj ; for the refractory ones = 1 and (J x — Qi. 
Similarly, 


N?(r) = HS(r), 

where H — Qf{t)/ / 0 °° S(r) dr and 


(1.71) 


(1.72) 


Qf (t) = Gi(/){5][1 - F z {t\)][pf{t\,z) - Ppz, t) + p](Z, t,)] 

+ J t Vj(t)f(r,t)dt J 

= G«(OGf(r,/). (1.73) 

For refractory nuclides, Qf = 0 and Nf = 0. In Eqs. (1.67)—(1.73), Qj ( t ) and Qf(t) are 
the total amounts of activity of the i th nuclide that (i) penetrate the particles and (ii) deposit 
on their surfaces: Qi(t) = Qf + Qf. 

Substituting the obtained values of nYj and Nfj into Eq. (1.66), one can derive the final 
equation for fjj(r). Assuming the fth nuclide fractionation to be calculated relative to a 
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refractory species (e.g., 95 Zr), we obtain the following equation for the most common case: 
Y 95 l 9 5 e-^ 5 ' Vf(r, h)G ( v (t, /i) + S'(r)Qf(t, q) 


t , tl) 


y,X,e-^' V 9 ' 5 (r,r)Q 95 (0 

\A'(ri,r)F,(ri) + 5'(r)Gf(f,/i,r) 


i/' 

V 95 


(1.74) 


where 


V'(r) = 


V(r)Xi(r) 

fo° V( r )Xi ( r )dr 


The relationships for V-(r,t\), Fj(t\), S'(r) and Gf(r,t) are presented in the previous 
paragraphs. 

Figure 1.21 shows the relationships between the fractionation factors _/)•,95 and particle 
size (within the size range typical of a close-in pattern from a surface explosion) for the 
most important radionuclides, viz. 131 1, l 32 Te, 89 Sr, 90 Sr, 103 Ru, ,40 Ba and l 37 Cs, at times 
t\ equal to 7 and 40 s. For the nuclides 97 Zr, w Mo, l 43 Pr, l44 Ce and l 47 Nd, the value of 
/;,95 = 1- 

A simplified way to calculate the fractionation factors for spherical particles (“hot” 
particles larger than 2 pm in size) in atmospheric explosions has been described in 
Izrael (1965). Flere, we can consider ay, = const. The feasibility of this approach was 
demonstrated (Izrael, 1968) using, as an example, one of the American atmospheric devices 
exploded during the “Dominic” test series in 1961 (explosion A, for details see Benson et 
al. (1965b)). 

The value of the relationship between the ,40 Ba fractionation factor and particle size 
(relative to 95 Zr) for particles 3 pm < d ^ 20 pm is the following: 


/l 40 , 95 W)= 0 . 57 <r°' 78 . 


(1.75) 


A similar theoretical dependence was shown to apply by Izrael (1965), 

Fl40.93(<*)*f/+(1 -Fi)l (1.76) 

d 

where rj %0.5 (see formula (1.35)). 

Integrated fractionation factors can be calculated in the following way for different 
contamination zones, e.g., portions of a deposition pattern, in the cloud, etc.: 




Nj(r,ti) dr 
fn Nj(r,t\)dr ' Qj 

Fi (A) f r r ; V!(r, t\) dr + Gf(r, t)S'(r) dr 
/,? ^ 5 (r)dr 


(1.77) 



60 


Radioactive Fallout after Nuclear Explosions and Accidents 



Fig. 1.21. The relationship between the fractionation factors for 131 1, l32 Te (a), 103 Ru (b), ,40 Ba (c), 89 Sr, 90 Sr 
and l37 Cs (d) and particle size at various r| and e. (a) (| = 7 s (1), t\ = 40 s, e = 1 (2); (b) t\ = 7 s, e — 1 (1); 
e = 0.2 (2); (c) f, = 7 s, e = 0.1; (d) t\ = 40 s, e = I. 


The numerator of the last equation is that part of the activity of the given nuclide 
associated with particles within the size range (rj, r?). Apparently, the tth nuclide activity 
fraction <5, ( r, t,t\) associated with particles of size exceeding r, is described by the equation 


Gf(r,t)S'(r)dr. 


/ OO /»00 

Vj'(r, t\)Ar + J 


(1.78) 
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Fig. 1.22. Correlation between the calculated and experimental values for the fractions of the nuclides occurring 
in the close-in deposition pattern of a low-yield surface nuclear explosion. 


Figure 1.22 shows the correlation between the calculated (<$,) c and the experimental (<5, ) e 
values for several nuclides. The experimental data (<5, ) e for particles exceeding 90 pm in 
size (mean diameter) were taken from the work of Freiling et al. (1965) for the close-in 
pattern of the American low-yield explosion “Small-Boy”. It is clear from the graph that 
the experimental and calculated values are in good agreement with each other. 


9. Conclusion 

This chapter has reviewed the processes in atmospheric (ground and air) nuclear 
explosions, i.e., in the fireball and nuclear cloud of the explosion, which determine 
the behaviour of the product radionuclides during their propagation through the natural 
environment. The generation of radioactive aerosol particles in atmospheric explosions, 
the activation of these particles and the behaviour of the different radionuclides have been 
discussed in detail. 

Both the theory and experimental data on radionuclide fractionation during the process 
of the generation and activation of radioactive aerosol particles have been presented. 
Differential fractionation of the radionuclides is conditioned by the fact that, depending 
on their positions in the mass decay chains, they are produced as different chemical 
elements of differing volatility. Thus, in activation, even radioactive isotopes (for instance, 
89 Sr and 90 Sr) can be incorporated into particles of various size since their predecessors, 
specifically 89 Kr and 9() Kr, have different decay half-lives and, at the moment of 
solidification of the aerosol particles, they can be either in the form of the volatile chemical 
element krypton or already in the form of the refractory chemical element strontium. This 
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determines the size distribution of their sizes and finally the character of the distribution 
of the different radionuclides in the atmosphere, the rate of their fallout in particles 
onto the earth’s surface, the features of their migration and penetration into soils, plants 
(vegetation), animals and humans, i.e., their mobility in the natural environment and their 
biological accessibilty. 

Subsequent chapters present the essential characteristics of radionuclide fractionation 
in other categories of nuclear explosion, especially in those underground, as well as in 
different accident situations (in reactors, waste storage systems, etc.). The conditions of 
radionuclide generation in these different source-terms (different temperatures, materials 
of radioactive particles and fragments) determine the varying character of nuclide 
fractionation. Those discussions emphasized in the book highlight the fact that radionuclide 
fractionation is the most important characteristic of the radioactive contamination of the 
atmosphere and in fallout; it is one that determines the subsequent distribution of the 
product radionuclides in space and time and hence their mobility and biological availability 
in the environment and biosphere. 



Chapter 2 


BASIC FEATURES OF RADIOACTIVE PARTICLE FORMATION AND 
RADIONUCLIDE FRACTIONATION IN UNDERGROUND NUCLEAR 
EXPLOSIONS 
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In an underground explosion, the radioactive particles that constitute the fallout on 
surrounding areas are essentially different from those produced in an atmospheric 
explosion. It is because of the different formation conditions for both the particles and 
the radioactive fallout that the nuclide compositions of both can also differ so markedly 
between underground and surface and atmospheric explosions. The reasons behind these 
features are undoubtedly the huge volumes of ground that are involved in the explosion 
process and the different thermodynamic conditions that prevail in the various stages of the 
explosion both underground and after venting to the atmosphere. Thus, in an underground 
explosion, the formation of the particle-carriers of the radioactive products proceeds under 
conditions that are essentially different from those that exist in an atmospheric explosion. 


1. Development of an Underground Nuclear Explosion 

The most complicated processes that take place in an underground explosion are those 
that ultimately determine the distribution of radioactivity in terrestrial rocks, its potential 
release into the atmosphere and its ultimate deposition onto the surrounding land. 

When an underground explosion occurs at a large depth h (h )£> R , where R is the radius 
of the cavity from the explosion), the radioactive products remain buried in the immediate 
zone of the explosion, i.e., in the region of the explosion cavity. Only a small portion of 
the isotopes of the inert gases and the most volatile elements (for example, iodine) can 
escape into the atmosphere through fissures in the rock (Izrael, 1970a). At lesser depths 
(/? ~ R), a larger fraction of the products escapes into the atmosphere and the escape flux 
is more intensive. At still less depth (h < R), venting of the cavity occurs, resulting in 
huge volumes of the earth and significant quantities of the radioactive products, refractory 
elements among them, being ejected into the atmosphere. In this type of explosion, i.e.. 
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one in which a crater is formed, significant quantities of earth are also ejected into the 
atmosphere and a zone of remaining rubble is created. A cylindrical central dust column 
is produced and its upper part is the main cloud reaching altitudes of several kilometers; 
the descent of this significant quantity of rock fragments results in a powerful base surge 
reaching altitudes up to 1000 m. 

The main cloud and that of the base surge move downward with the wind and contain 
radioactive products, the majority of them being absorbed on ground particles. At varying 
distances from ground zero, these particles, whose sizes range rather widely, fall out due 
to gravity and constitute the radioactive contamination of the area. In some explosions, 
instead of a crater, a hill of bulked earth can be formed (e.g., in the American explosion 
“Sulky” (Nordyke, 1970) or the USSR’s “Crystal” explosion in Yakutia on 2nd October 
1974, at a distance of 90 km NE of Aikhal settlement (Mikhailov, 1996). Such explosions 
can be used for earth-moving purposes. Thus, in an underground nuclear explosion, the 
volume and composition of the radioactive products reaching the atmosphere and thus 
resulting in contamination of the environment are determined largely by the mechanics of 
the explosion. 

The conditions for the formation of particles of radioactive fallout in an underground 
nuclear explosion differ essentially from those that prevail in a surface or atmospheric 
detonation. The particle character, their distribution over land and the radionuclide 
composition of the fallout from such explosions can be quite different. In some regions, 
where temperatures are high and the radionuclides are intermixed with molten ground and 
then disintegrated into fine pieces, the conditions for radioactive particle formation can 
be somewhat similar. Differences can arise in the specific thermodynamic conditions as 
a result of the explosion’s impact on the environment and these can influence particle 
formation. The successive stages of an underground explosion have been described in 
a number of publications, e.g., (i) the formation of a symmetrical cavity in a contained 
(camouflet) explosion (without venting) under the action of the shock wave and the gas 
pressure (Dokuchaev, 1963; Butkovich, 1965); and (ii) the development and venting of a 
cavity in a rather shallow explosion due to ground movement occurring during the phase 
of gas acceleration (Dokuchaev, 1963; Teller et al., 1968; Knox, 1965; Morokhov, 1970). 
Laboratory modeling experiments of such explosions have been described by Rodionov 
(1970). There are, however, practically no data on the temperature regime within the cavity 
of an underground nuclear cratering explosion. This information is necessary to gain an 
understanding of the processes of radioactive particle formation, the loss of radioactive 
products to the atmosphere and the fractionation of nuclides in the explosion. Izrael 
(1966) has endeavored to perform relevant calculations and to estimate the influence of 
the temperature regime upon fractionation of the radionuclides. The successive stages in 
the development of an underground nuclear explosion and their influence on the radioactive 
contamination of the natural environment are described in the following pages. 

In an underground explosion, the energy exchange between the gaseous explosion 
products and the surrounding ground generates a disturbance leading to the formation of a 
contained cavity. It is generally known that Hopkinson’s law of geometrical similarity, 
derived under weak explosion conditions, is not applicable to powerful chemical and 
nuclear explosions (Dokuchaev, 1963). The deviations are due to the influence of gravity 
on the geometry of the crater cavity that forms in high-yield explosions conducted at great 
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Fig. 2.1. pV-diagram for the shock compression of original cold materials (pu is the shock adiabatic curve. p x 
is the curve for cold compression). 


depth. This, and the essential differences between real rocks and “ideal” ground, make for 
still greater difficulties in determining the influence of the explosion's mechanical action, 
and, consequently, of the radioactivity released to the atmosphere for a given yield and 
depth of detonation. 

An underground explosion generates a powerful shock wave that results in the ground 
behind the front of the wave becoming heated and propelled towards the outer regions. 
A large part of the energy generated in the explosion is consumed in the melting and 
evaporation of hard rock located near to the explosion’s epicenter. In the first microsecond, 
the gas attains a temperature higher than 10 6 K and a pressure of 10 7 atm. Under the peak 
pressure p v and a shock wave of about 1 Mb in a medium of tuff, the rock evaporates (it 
melts under 0.4 Mb) (Johnson et al., 1959). For other ground materials, p v is 0.75 Mb for 
alluvial deposits, 1.81 Mb for granite and 0.84 Mb for rock salt (Higgins and Butkovich, 
1967). Thus, in the American underground explosion “Rainier”, of 1.7 kt yield, the tuff 
evaporated within a radius of 2.3 m and melted within a radius of 3.3 m (Johnson and 
Higgins, 1959). The shock wave spreads away from the site of the explosion, crushing and 
breaking the rock before it gradually decays and is transformed into an elastic wave. 

A rarefaction wave is reflected simultaneously with the gaseous products in the cavity. 
The explosion cavity sharply increases in size at the outset and then pulsates (like a 
gas bubble in water). The pulsation following the expansion is rather insignificant in 
amplitude and only takes place in this first phase. Penny has characterized this motion as 
“oscillationless" (see Chadwick, 1966). The elasticity-plastic model of the cavity formation 
under the contained explosion is described in detail in the work of Butkovich (1965). 

The quantity of the heat energy transferred by the shock wave to a substance that has 
undergone shock compression can be determined from the /?F-diagram (Fig. 2.1). in which 
the curves for both adiabatic cold compression /), ( V ) and shock compression pu(V) are 
plotted (Zeldovich and Raizer, 1966). In this case (a body with zero initial temperature is 
assumed to simplify calculations), the heat energy is equal to the difference between the 
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total internal energy that is numerically equal to an area of a triangle bounded by Vo, Vk and 
the point A on the shock curve, corresponding to Vk. The elastic energy e x = ft® p x (v) dV, 
is numerically equal to the area of a curvilinear triangle bounded by Vo, Vk, and a section 
of the cold compression adiabatic curve between Vo and Vk- The area in the figure that 
is numerically equal to the heat energy of the substance that has undergone the shock 
compression is shaded. 

Thus, for example, in the “Rainier” underground nuclear explosion, about 27% of the 
energy instantaneously released was heat energy (if the energies of the momentary neutrons 
and gamma-quanta are included, it is about 30%); 65-68% of the energy was consumed in 
the destruction, crushing and displacement of the rocks and about 5% in the formation of 
seismic waves. The quantity of earth evaporated amounts to about 50 t per kt of explosion 
yield (Johnson et ah, 1959; UCRL, 1960). The spherical cavity of a contained explosion 
reaches its maximum size at the end of the initial phases in several hundredths or tenths 
of a second (in the “Rainier” explosion in 80 ms), depending on the pressure generated 
by the evaporated material. The pressure inside the cavity is determined by the physical 
characteristics of the rocks and the lithostatic pressure. At that time, the cavity walls are 
covered with melted rock (about 10 cm thick) amounting to 500-6001 per kt of explosion 
yield (Teller et ah, 1968; Johnson et ah, 1959). A sharp rise in temperature then occurs 
outside the cavity boundaries. This causes the release of volatile substances that were 
generated under the high temperatures. Water can also be transformed into vapor outside 
the cavity but, in practice, it is contained within the cavity in quantities corresponding to 
those generated by the molten and evaporated earth. 

Higgins and Butkovich (1967) have shown that the cavity radius depends on the 
explosion yield and the depth of burial but not on the rock’s composition. It is clear, 
however, that there should be a relationship between the cavity radius and the solidity 
and water content of the surrounding rock material. Sadovsky (1971) has cast some doubt, 
however, on the existence of a relationship between the size of the cavity and the depth of 
burial. 

In the following expression, the constant C characterizes this relationship between the 
cavity radius R, the explosion yield W and the depth of burial h (Nordyke, 1970): 


C = 


R 

w '/ 3 


{ph) 


1/3 Y 


( 2 . 1 ) 


where p is the rock density, y is the Poisson coefficient, taken to be 4/3. The value of 
C changes somewhat but not by more than 20% from one rock to another (tuff, alluvial 
material, granite and rock salt (halite) and by not more than 7% from one explosion to 
another if both are carried out in similar rocks). 

If in Eq. (2.1), W 1 ^ 3 is replaced by the expression W[{V\ + Vi + V 3 ) lyf3 ]/ Vi, where 
Vi, Vi, V 3 are the volumes of evaporated earth, water vapor and other volatile components 
(e.g„ CO 2 and CO), if the volume of the ground evaporated is unity, then the constant C 
will exhibit reduced scattering for different rocks and different explosions. The problem 
with Eq. (2.1) is that only the evaporated earth (which is proportional to W) is considered, 
while the water content of the rocks and the presence of volatile components are ignored. 
Attempts to take into account the influence of rock water content upon the radius of a 
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Table 2.1 

Values of constants in equation defining cavity size for a contained explosion in different rocks 


Rock 

Approximate composition 

a =(1/3 )y 

p (g/cm 3 ) 

C 

Number of explosions 

Granite 

Si0 2 +I%H 2 0 

0.324 

2.7 

103 

2 

Tuff 

Si0 2 +15%H 2 0 

0.292 

1.9 

97 

11 

Alluvium 

Si0 2 +12% H 2 0 

0.296 

1.9 

89 

30 

Rock-salt (halite) 

- 

0.31 1 

2.3 

96 

2 

Dolomite 

- 

0.329 

2.3 

89 

1 


cavity have been reported by Higgins and Butkovich (1967). On the basis of substantial 
experimental material (data on 46 nuclear explosions were used), it was shown that this 
influence could be taken into account if one were to introduce a dependence of the index 
of adiabatic expansion y on the water content of the rock. It was also shown here that 
the cavity radius R did not depend (within the accuracy of the measurements) on the 
characteristics of the rock strength. 

The magnitude of the constant C in the equation 


W '/ 3 

R — C - rj7 

( ph )'/ 4 


( 2 . 2 ) 


which takes into consideration the water content of the rock, can be defined by the 
relationship 


C = 


3(y'-l)p‘ /,,/ - |, l 


4ng 


[,\/Y 


1/3 


(2.3) 


where (y 1 — 1) is a constant of proportionality linking the energy E with the quantity 
pv Vy for the ground that is evaporated (Higgins, 1967) 

pvVy = {y’- \)E. (2.4) 


For rocks with different water content, the values of C are presented in Table 2.1. 

Olsen (1967) has presented some calculations of the changes in pressure and temperature 
within the cavity of a contained explosion from the time when the cavity ceases to expand 
to the time of water vapor condensation. The experimental data used in the paper were 
obtained from an explosion of 6.5 kt yield. The character of the curve derived from 
the experimental data was similar to that of the calculated curve and the coefficients 
were ascertained on the basis of “experience”. According to the calculations, water vapor 
condensation for the explosion (Olsen, 1967) began 6.6 min after time zero with a pressure 
of 11.7 bar and a temperature > 460 K. The high temperature in the cavity resides for a 
relatively long time as the thermal conductivity of the rocks outside the cavity is not high. 
For example, in the “Rainier” explosion, the temperature of about 1400 °C continued for 
0.5-2 min and then stayed at 80 °C for longer than 5 months after the explosion (Johnson, 
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Fig. 2.2. The relationship between the vertical velocities of surface particles located at the epicenter of an 
underground explosion and time following an underground explosion: 1 — “Danny-Boy" E = 0.42 kt, basalt; 
2 — “Sedan”, alluvial material, E = 100 kt; 3 — “Schooner”, alluvial material. E = 0.5 kt. 

1959). In the “Gnome” explosion, 12 days after time zero, the temperature in the free part 
of the cavity exceeded 100 °C and in the debris zone it varied from 50 to 650 °C (Nifontov, 
1965). 

When an explosion takes place near the earth’s surface, the compression shock wave is 
reflected from the surface in several tens of milliseconds (provided that the burial depth is 
at least several hundreds of meters for certain types of rock) and the wave of rarefaction 
spreads throughout the ground (Stratton, 1965). At a certain depth, the amplitude of the 
wave of rarefaction exceeds that of the wave of compression and the medium is broken 
under this tension; the surface layer of the rocks is separated and the underlying layers at 
some depth are crushed. Gases in the cavity continue to expand. Before the cavity vents, 
they give an additional acceleration to the overlying layers of rock at time tg (Fig. 2.2) 
before emerging from the rock into the atmosphere at time l v . The depth of rocks where 
this acceleration occurs can change markedly depending on the explosion depth (Johnson et 
al., 1959) and the type of rocks. The venting of gases may not always be synchronized with 
the gas acceleration. This phenomenon was observed first in explosions carried out in loose 
rocks where the shock wave is attenuated more sharply than in hard rocks and secondly in 
materials such as alluvial deposits and tuff, etc. where there is a considerable amount of 
water present which results in vapors with low temperatures of condensation (Knox, 1965; 
Toman, 1970; Izrael et al., 1970a). This acceleration can also be essential in explosions in 
rocks where significant volumes of volatile or gaseous substances are generated at the high 
temperatures. 

A release of incandescent gases occurs at time t as the gas acceleration proceeds, i.e., 
within several tenths of a second or in several seconds after an explosion at a scaled depth of 
40-60 m/km 1/3 4 (Johnson and Higgins, 1965; Izrael et al., 1970a).The gas release proceeds 
simultaneously with the destruction of the cupola and its transformation into a multitude 
of flying fragments. It reaches its maximum velocity when the pressure within the cavity 
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exceeds the lithostatic pressure arising from the overburden or, in the extreme case, when it 
is equal to atmosphere pressure (Dokuchaev et al., 1963). In the first situation, a significant 
portion of the energy is carried away with the outsurge of vapors and explosion products. 

In the Soviet explosion “Sary-Uzen 1003” (Izrael et al., 1970b), conducted at a scaled 
depth of approximately 48 m/kt 1/34 in sandstone, the gas acceleration phase was clearly 
measurable 0.25 s after the explosion. At this time, the lifting speed at the cupola surface 
(a height of 7 m) reached 60-70 m/s. In 0.4 s after the explosion (with the cupola height 
now at 19 m), a visible outburst of gases took place, resulting in the formation of a spherical 
plume on the cupola top. The gas release proceeded at a velocity of 170 m/s. A bright 
luminescence, observed on the plume surface, stopped 1.5 s after the explosion. During 
the lifting process, the cupola gradually took on a cylindrical shape. In this detonation, 
the maximum height attained by heaving rocks was 190 m with a diameter of 240 m, all 
occurring within 6 s after the explosion. An effort to calculate the geometry of the cavity 
during the gas acceleration phase and of the funnel after the explosion and the ground 
release was made by Knox (1965) for the “Scooter” chemical explosion. The configuration 
of the cavity above the center of the explosion and the topography of the free surface during 
the gas acceleration phase were determined using Newton’s second law of thermodynamics 
as the basis of the calculation of acceleration of elementary ground volumes (masses), 
corrected for frictional forces. 

A more perfect method of calculating the dimensions of the cavity, funnel and ground 
bulk, taking medium property into account, has been proposed in Terhune et al. (1970) 
and Cherry (1967). Using data on medium properties obtained in the laboratory made it 
possible for these authors to calculate the parameters of funnel formation in a number of 
explosions where ground ejection occurred. On the basis of various calculations, one can 
conclude that the methods described by Teller et al. (1968), Morokhov (1970) and Cherry 
(1967) would indeed allow an accurate description of the geometry of the cavity and the 
funnel to be made if the yield, depth of the charge and the medium properties are known. 

The temperature regime in the cavity of an underground explosion is of great importance 
for the calculation of particle activation and height of cloud lifting. Izrael (1966) has 
calculated the temperature regime in a cavity using information on the development 
and venting of the cavity resulting from an underground explosion of 100 kt yield at 
a scaled depth of 50 m/kt ,/3 ' 4 conducted in alluvial material (explosion of the “Sedan” 
type). The water content in the rock was taken to be 10%. The initial radius of the 
cavity (the lower part of a hemisphere) was calculated on the basis of a one-dimensional 
hydrodynamic elasticity-plasticity model of rock behavior in an explosion (Butkovich, 
1965). The configuration of the cavity as it developed and vented was calculated according 
to the scheme presented by Knox (1965). Certain assumptions, described in Knox (1965), 
Johnson et al. (1959), Johnson and Higgins (1965) were made, viz.: 

a) about half of the explosion energy (32-47%) is consumed by rock heating and 
melting; 

b) the melting and heating of the ground and, as a result, the generation of water vapor 
in the process take place mainly within the space of the initial cavity (at time ? c ); 

c) the temperature and pressure at all points within the cavity are uniform; 
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d) the temperature of melting the rock is 1500 °C; if water constitutes 15% of the rock, 
then the specific enthalpy for the molten state is 700 cal/g, while for the vapor state 
at about 3000 °C it is 3000 cal/g. 

It was also assumed that thermodynamic equilibrium existed in the “melted rock-gas” 
system in the cavity. Calculations revealed that ~6x 10 4 t of the rock would be melted 
and 6 x 10 3 t of water evaporated. Given the number of assumptions indicated, only 
rough estimates of these parameters can be calculated. No account is taken of the many 
real conditions that remain uncertain or even undefined. Nevertheless, such estimates can 
sometimes lead to useful conclusions. 

At the moment of venting, the cavity volume, as calculated on the basis of data taken 
from Knox (1965), was 1.1 x 10 7 m 3 and, at the time of fragmentation through gas 
acceleration, the rock fragments were calculated to occupy a volume of approximately 
1.8 x 10 7 m 3 (V max ) and to have risen to a maximum height of 130-150 m. The temperature 
regime within the cavity was calculated assuming that during the time interval At the 
gas expanded in an adiabatic manner (p c V = constant), but then immediately thereafter, 
due to the heat influx from the molten earth, it heated up to the temperature of the latter. 
According to data from Ryabinin (1959), within the range of temperatures and pressures 
under consideration, the ratio of the water vapor heat capacities y = C p /C v — 1.2. As 
shown by Vorgaphnik(1963) for the most common gases at temperatures of 1400-1500 °C 
and pressures up to several atmospheres, the y values range from 1.16 to 1.20 for carbon 
monoxide, water vapor and carbon bisulphide and are about 1.30 for nitrogen and oxygen, 
suggesting that for these gases they are almost the same. The pressure in the cavity, as 
calculated, amounted to about 5 bars, taking into consideration the thermal expansion at 
the time f v of venting. It was found that the energy input required by the cavity gas during 
its adiabatic expansion for successive time intervals At from the initial volume V c to the 
maximum V max was significantly less than the energy released on solidification of the 
molten rock. Since, during the cavity expansion up to the volume V max , the heat losses due 
to emission and heat conductivity are not significant, the temperature of the incandescent 
gases does not drop below 1500 °C in this example. It is quite probable that this feature 
of the temperature regime was not taken into account when predictions were made of the 
height of the ensuing cloud for the “Sedan” explosion. It was obviously assumed that the 
temperature of the gases would be significantly lower at the time of their escape. This 
seems to be the only explanation why the predicted cloud height (1200 m) turned out to be 
almost four times lower than the actual height (Johnson et al., 1959). 

It is interesting to consider the effects that could arise when the gas temperature and 
the melting point temperature of the rock are the same at about 1500 °C. To do this, we 
estimate, for the general case, the ratio between the heat A], released by the melted rock 
within the cavity of the explosion during its solidification (due to the specific heat), and the 
work A 2 , accomplished by the gases of the cavity during their expansion from the initial 
volume V c to the final volume (at the moment of venting). We take the temperature in 
the initial volume of the cavity to be higher than that of the molten rock. We also assume 
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that the temperature of the rock has already fallen but that the heat released during the 
solidification of the rock has not yet been consumed. Thus, for isothermal processes, 


A] _ Qa 

A 2 (Qai/ni + Qa)/ni)RT ln(VW V c )' 


(2.5) 


where a is the heat of rock melting (about 90 cal/g); + Qcti/l^i,) is the quantity 

of gas moles in the cavity (per unit of explosion yield); Umax % (2/3 )tt/? 3 is the cavity 
volume at the time of maximum expansion (lifting); V c is the cavity volume at time 
t c . Consequently, when the water content in the earth is as much as 25% (by mass) 
and the explosion depth is 200 m below the scaled depth of 50 m/kt l/34 , under the 
equilibrium conditions existing between liquid (molten earth) and vapor phases at the time 
of cavity venting, the temperature of the incandescent gases does not drop below that of 
the molten ground (1400-1500 °C). At the moment (the volume is Vc) the temperature in 
the cavity reaches more than 1400 °C and the cavity vents with a pressure greater than one 
atmosphere (Knox, 1965), the gas temperature at venting is equal to the temperature of the 
molten ground and, if the rock is significantly more liquid, it can even exceed the ground 
melting temperature such as occurred in the “Sary-Uzen 1003” test (Izrael et al., 1970b). 

Hence, despite the imperfect nature of a number of the assumptions (for example, 
incomplete equilibrium between liquid (melted ground) and vapor phases), we can see 
that, in the most frequent cases observed in practice (a rock water content up to 10-12%), 
by the time of venting the temperature in the cavity does not drop below that of the melting 
ground. In the “Sary-Uzen 1003” explosion, the temperature of the illuminated area on 
the cupola surface where the gas escape took place actually reached 1900-2100 °C. This 
conclusion is extremely important for explaining the effects of nuclide fractionation and in 
calculations of the radioactive cloud height in underground cratering explosions. 


2. Release of Radioactivity into the Atmosphere and Formation of a Cloud and Base 

Surge in an Underground Nuclear Explosion 

In an explosion where there is ejection of earth into the atmosphere after cavity venting, 
the incandescent gases begin to rise. According to calculations made by Izrael (1966), 
the velocity of ascent of the gas bubble is controlled by Archimedean forces and will 
exceed that of the rock ascent in 4-5 s after the time of the explosion (up to 100 kt 
yields). The final separation of the gas bubble takes place after the rock fragments fall. 
It is then that a significant fraction of the gases inside the cavity escapes (i.e., 6-14 s 
after the explosion) and cloud formation begins. In underground cratering explosions, the 
cloud ascent happens in a way similar to that from surface atmospheric explosions because 
the cloud’s initial temperature corresponds to that of rock melting, i.e., ~ 1500 °C. The 
change in temperature within the cloud with time is also generally similar to that in an 
atmospheric explosion. Stabilization of the cloud, i.e., when its temperature becomes equal 
to the ambient temperature, occurs only after several minutes after the explosion. Thus, in 
the “Sedan” explosion, the cloud stabilized after 5 minutes when it reached a height of 
4000-4500m. 
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Unlike an atmospheric explosion, an underground cratering explosion results in a huge 
quantity of dust and ground particles being contained in the cloud, especially in the lower 
section, and this hampers the heat emission from the cloud. After several tens of seconds 
from the time of the explosion, a base surge begins to be generated. The surge overtakes 
the lower part of the bubble of hot gases and promotes the long-term retention of the great 
heat. According to the calculations of Izrael (1966), the base surge and the lower part of 
the cloud represent a zone where the temperature is sustained at a level not lower than that 
of the molten ground (about 1500 °C) for a relatively long time (not less than 5-10 s for 
explosions of 1-2 kt yield and 6-14 s for those of 100 kt yield). It is quite possible that this 
time could be even longer since there is a dense layer of fine ground particles that descends 
more slowly than the rock fragments and which could sustain the conditions required to 
maintain the high temperatures within the zone. 

At the “Sary-Uzen 1003” explosion, the base surge propagated over a volume of 600 m 
in diameter for 35—40 s. Like the cloud, the maximum height of the dust column, of 
diameter 120 m, was 300 m (Izrael et al, 1970b). The atmospheric inversion layer in 
existence at the time limited any further ascent. 

The geometric dimensions of the main cloud and of the base surge depend on the 
total yield of the explosion and the rock characteristics in the immediate locale, as well 
as the depth of the charge and the meteorological conditions prevailing at the time of 
cloud formation. For underground explosions that take place in rocks that are similar in 
composition, the relationships between the dimensions of the cloud and the base surge 
resemble one another despite any yield differences. The development of both high-yield 
“Sedan” (Ferber, 1965) and “Sary-Uzen 1003” (Izrael et al., 1970b) explosions was 
actually the same. 

The dependence of the geometric dimensions of the cloud and the base surge on the yield 
of underground explosions in alluvial materials has been determined by Knox (1965) on 
the basis of both chemical and nuclear explosions. In a group explosion, when individual 
charges are placed at an optimal distance so as to form a channel, cloud heights and the base 
surge will not actually differ from those in a single explosion (Knox, 1965). As already 
indicated, when cavity venting and funnel formation take place in underground nuclear 
explosions that are carried out near to the earth’s surface, the radioactive products penetrate 
into the atmosphere and contaminate the environment. The degree of contamination of the 
atmosphere and the surrounding land after an explosion is controlled by the following 
factors: 

(1) the total quantity of radioactivity generated by the explosion; 

(2) the fraction of radioactivity released into the atmosphere; 

(3) the characteristics of the radioactive particles at different depths in the different 
rocks; 

(4) the degree of dilution of the radioactive products in the atmosphere via meteorolog¬ 
ical factors. 

As noted above, when an explosion is performed near the earth's surface, at a scaled 
depth h — h/W l/3A , of less than 60-80 m/kt 1/34 , venting of the cavity can take place 
which is then followed by the ejection of radioactive products into the atmosphere. The 
depth from which the “primary” ejection of radioactive products into the atmosphere can 
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Photograph of dome formation and gas breakthrough at the "Sary-Uzen 1003” explosion at T = 6.3 s. 

take place depends on the water content and the quantities of volatile substances in the 
rock, its strength characteristics, etc. An exact boundary dividing contained explosions 
and those that produce craters cannot be fully defined. For example, the majority of 
cratering explosions were performed at depths of less than 55 m/kt 1/3 ' 4 (see Table 4.1). 
At the same time, a number of explosions performed at a depth of 70-80 m/kt l/3 - 4 were 
contained (Higgins, 1970). However, the “Blanca” explosion at h — 90 m/kt 1/3,4 resulted 
in an ejection of radioactive products into the atmosphere (Knox, 1965). 

In a cratering explosion, a lifting of the ground dome (cupola) takes place and this 
precedes the gas outburst. During this heaving, the dome gradually takes on a cylindrical 
form. After the outburst into the atmosphere occurs, the incandescent gases begin to rise, 
thus forming the radioactive cloud. An underground explosion is followed by the formation 
of a powerful base surge and a central dust column (see photo). 

Within the temperature regime described above, the rock that is melted inside the cavity 
captures the radioactive products and is later broken into fragments; individual slag-like 
formations and smaller particles of irregular form can result. Assuming that activation 
of the particles begins in the cavity when the melted ground is still not broken up and 
thermodynamic equilibrium still exists, one might expect that the radioactive products 
would be regularly distributed over the entire volume. With the temperature close to 
1500 °C, the particles of the original earth can be fused or slightly softened and can 
bind the refractory nuclides very tightly. In such particles, the radioactive products are 
concentrated in the outer layers. Volatile nuclides will be deposited on the surfaces of the 
particles that remain in the cloud or the base surge after cooling (similar to the processes 
in an atmospheric explosion). This has been confirmed by experimental data obtained at 
the the “Sary-Uzen 1003”, “Sedan” and “Schooner” explosions (Izrael et al„ 1970b; Lane, 
1962). 

Following an underground explosion, the melted ground and the radioactive particles 
from the high-temperature zone form the first source of radioactive contamination of the 
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Fig. 2.3. Dependence of the fraction of total radioactivity deposited near to ground zero on the scaled depth of 
the underground explosion. 

land. The products that are filtered through the layer of ground material forming the 
disintegrating cupola and those that settle on the finer particles in the cloud form the 
second source. These are mainly products having gaseous of rather volatile precursors 
in the radioactive decay chains. Their composition and quantity depend on the period of 
existence of the filter layer as well as on its thickness and its degree of breakdown, i.e., 
ultimately on the yield and scaled depth of the explosion. The total quantity of refractory 
products entering the cloud for explosions conducted at a scaled depth of 40-50 m/kt l/? 4 
is negligible (tenth of a per cent or less) while the fraction of the nuclides having gaseous 
precursors that enters the cloud is 10% and more (12% for 137 Cs in “Danny-Boy” according 
to Bonner and Miskel (1965)). 

The magnitude of atmospheric and terrestrial radioactive contamination following an 
underground nuclear explosion is basically determined by the total quantity of radioactiv¬ 
ity released by the explosion, the fraction that enters the atmosphere and by the degree of 
dilution in the atmosphere. In addition, the character of the contamination depends on the 
geometry of the contamination source (i.e., the cloud and the base surge) and the distribu¬ 
tion of radionuclides in the cloud on the various sizes of particles and hence on radionuclide 
fractionation. The total amount of radioactivity generated is defined by the quantity of fis¬ 
sion debris as well as by the induced activity resulting from the interaction of the neutrons 
of the explosion with the construction materials of the explosive device and the nuclei of 
the elements composing the rocks in the immediate zone of the explosion. The characteris¬ 
tics of these radioactive products are described in Chapters 1 and 3. Problems concerning 
the distribution of nuclide activity over the particles and the fractionation of these are pre¬ 
sented in Chapter 1 and in the following paragraphs. Here, we dwell on the component of 
the radioactive products ejected by the underground explosions into the atmosphere. 
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A number of attempts have been made, using experimental data, to derive the 
relationship between the fraction of total activity tp released into the atmosphere or 
deposited near ground zero and the scaled depth, h, of an explosion. In some papers, the 
scaled depths were expressed in m/kt l/3 while in others in m/kt l/3 - 4 . In Nordyke and Wray 
(1964), the fraction of the total activity <p was expressed as a function of the ratio of the 
explosion depth to that of the visible funnel. The use of this expression has been found to 
be unsuitable. Using the function <p{h) where the depth h is expressed in m/kt l/3 (Fig. 2.3) 
probably corresponds better to the experimental data, although, as already mentioned, the 
law of geometric similarity is not fulfilled in nuclear explosions. 

There is no description in the literature of the function <pi(h) for individual nuclides. 
However, we believe that such functions can be useful and will not depend on the 
time of measurement. Clearly, the quantity of volatile nuclides, or those having gaseous 
precursors, that escape into the atmosphere should be greater than the quantities of 
refractory nuclides that escape (for the same detonation depth). As already mentioned, 
even in completely contained explosions, only negligible quantities of volatile products 
escape into the atmosphere through rock fissures (e.g., inert gases, iodine and those having 
volatile precursors). 

In addition to the factor of scaled depth for an explosion, part of the radioactive products 
that are released to the atmosphere apparently depends on rock composition (the content 
of water and volatile products) as well as on its strength characteristics. Thus, for example, 
in an excavative explosion in hard dry rocks, the fraction of radioactivity released into the 
atmosphere amounts to ~ 5% and, for such an explosion in loose moist rock, it can be as 
much as 30% (Ferber, 1965). 


3. Characteristic Features of Radioactive Particles from an Underground 
Nuclear Explosion 

All radioactive particles generated by underground explosions and released into the 
atmosphere can be subdivided into two main types according to the location and 
temperature conditions of their formation. Particles of the first type are generated from the 
disintegration of melted rock and activated in the explosion cavity at high temperatures. In 
such particles, the activation products are usually homogeneously by distributed. Particles 
of the second type are fragments of relatively cold rock that are fractured well above the 
depth of the cavity. Such particles are homogeneously activated over their entire surface or 
only over a thin volumetric surface layer. 

Very soon after an explosion (in tens of seconds up to several minutes), the radioactive 
products are distributed between the main cloud, the cloud of the base surge and the zone 
of funnel and the ground itself. Within the main cloud and that of the base surge, the 
distribution of the radioactive products is continuously changing due to the fallout of the 
larger particles and the activation of the remaining particles by products having relatively 
long-lived gaseous precursors. To predict the fallout’s potential radionuclide composition 
we need to know the distribution of radioactivity on the particles of different sizes and 
their spatial distribution in the main cloud and that of the base surge. To estimate the 
radioactivity distribution over all particles we need to add the activities of the main cloud 
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Fig. 2.4. Dependence of activity on particle size for different nuclides in particles of the first type. 

to those of the cloud of the base surge and of the fallout already formed and then distribute 
the activity over all existing particles (present or available). 

Larger slag-like particles, influenced by gravity, and many finer particles, entrained by 
the huge volume of falling neutral rock mass, are distributed over the funnel periphery and 
in the ground bulk. Already, in less than several minutes, no larger particles remain in the 
main cloud and that of the base surge. For example, by 12 minutes after the “Schooner” 
explosion, no particles of diameter larger than 177 pm were found (Heft et al., 1971). 
The basic features and regularities of the distribution of different types of particles were 
investigated for the “Sary-Uzen 1003” and “Chagan 1004” explosions and for the small 
yield devices “Telkem-1” and “Telkem-2” (Izrael et ah, 1970a). 

Radioactive particles in the cloud of underground explosions have mainly irregular 
forms, spherical particles being rarely observed (Izrael et ah, 1970a; 1970b). Their 
structures are also different, being slag-like and porous, “sugar-like” and glass-like. The 
size distribution of the radioactive aerosols in the cloud, observed at different times 
following an explosion (from 0.3 to 4.0 hr), is satisfactorily approximated by a normal 
logarithmic function with about 90% of the particles having diameters of less than 0.5 pm. 
The distribution of particle activities with size also follows a normal logarithmic function 
but, in this case, it provides a less accurate description. The median diameter of the particles 
(in this latter relationship) is approximately 2 pm at any given time (Izrael et ah, 1970b). 
Figure 2.4 shows the distributions of total activity of the particles with size a\(d) in the 
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clouds from various explosions. It is seen here that the carriers of radioactivity for the 
very small-yield devices “Telkem-1” and “Telkem-2” are all finer than those for the “Sary- 
Uzen 1003” and “Chagan 1004” explosions (Izrael et ah, 1970a). 

Immediately after an explosion, the cloud still contains radioactive particles that are 
subsequently deposited in the near zone. Thus, in one sample taken 3 s after an explosion, 
about 80% of the activity was on particles larger than 10 pm, while only 1% was on 
particles smaller than 0.5 pm. As already noted, all explosion particles can be divided 
into two types. Fallout particles, in particular, can be classified in this way because of their 
distinctive size range. 

Particles of the glass-like structure, formed from the melted rock, can be assigned to 
the first type of particle (Izrael, 1970a). These have irregular forms with a great number 
of gas inclusions. The density of these particles (1.8-2.3 g/cm 3 ) is 1.1-1.7 times less than 
that of the initial neutral rock from the place of the explosion. In appearance, the particles 
resemble fragments of a broken glass from light to dark in color. Rarely observed are those 
particles that are typical of surface explosions, having a regular spherical form, transparent 
and dark with a shiny surface, or drop-like in nature. 

Heft et al. (1971) distinguished two varieties among the slag-like particles of the first 
type, viz. (i) black, shiny particles like the mineral obsidian and having the largest content 
of refractory nuclides, and (ii) transparent, glass-like particles having frequent inclusions of 
a black material. The authors believe that the former particles were formed from the melted 
rock adjoining the inner surface of the cavity. The fact that one can find, among these slag¬ 
like particles, those of molten rock originally melted rock, having different properties, 
from different parts of the cavity and apparently not completely mixed, confirms the other 
observation that particles of this type, having the same size, can exhibit activities that differ 
by up to 4 orders of magnitude (Izrael et al., 1970b). 

Particles of the second type are formed from relatively cold rock crushed by the 
explosion, which determines their form and appearance. Other particles, fused at their 
surfaces, can also be attributed to this type. Conglomerates, consisting of particles of the 
same or different varieties, are also among these particles. 

In addition to the two main types, several sub-types of particles can be separated. Thus, 
four sub-types of particles were identified in the first classification proposed by Izrael et 
al. (1970b). Five subtypes can now be identified—three within the first major type and 
two within the second. The following belong to the first type of particles: (1) dark bright 
particles (like obsidian) formed from the melted rock associated with the inner part of the 
cavity, (2) transparent glass-like particles with irregular forms, and (3) glass-like particles 
of regular spherical or drop-like form. Amongst the second type are: (1) particles whose 
appearance and density do not differ from those of the rock crushed by the explosion and 
(2) particles of crushed rock, fused at the surface. Investigations of the activities of the 
different particles have revealed that the activity of the first type of particles is significantly 
greater than that of the second type (Izrael et al., 1970a). 

Layer-by-layer etching of the particles with hydrofluoric acid has shown that the activity 
(total and of individual nuclides) is distributed practically uniformly for particles of the first 
type while, in those of the second, it is distributed over the surface or in thin surface layers. 
It was shown by Izrael et al. (1970a) that the surface layers of the second type particles 
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(constituting about 5% by weight), contain up to 25-30% of the activity; and up to 50- 
100% of the activity when the weight attains 10% of the total, while in particles of the first 
type the activity concentration is practically constant overall. A similar result is obtained 
from studies of the dependence of the total and individual nuclide activity on the particulate 
size distribution; the relationship is close to being cubic for first type particles. In this case, 
the particles are depleted in light/volatile nuclides and those that have gaseous precursors. 

The activity of the particles can be expressed as an exponential function of their size by 
a(d) ~ d n (Izrael et al„ 1970b) (for atmospheric nuclear explosions). Here, n — 2.7-3.0 
for the first type of particles, and n % 1.9 for the second type. For the former, the cubic 
dependence of the particle activity on size is valid for individual radionuclides as well 
(Fig. 2.5). Data obtained at the “Sedan” explosion show similar results (Lane, 1969). Izrael 
and Kazakov (1970) have found that the size distribution of particles of the first and second 
sub-types is described by a logarithmic function and that other distribution parameters, e.g., 
the median diameter and the degree of dispersion, are different for different fallout zones 
and vary with distance. The dependence of the particle activity on size is also logarithmic 
(see Fig. 2.6). 

Heft et al. (1971) have attempted to determine the particle size distribution for different 
radionuclides after the “Schooner” explosion. The distributions and particle activities 
were examined individually for the cloud, the base surge and the fallout. Activities were 
determined in the melted rock and on the surfaces of particles of rock from immediately 
above the cavity. The distribution was determined first for l47 Nd (considered to be totally 
distributed in the melted rock) and for 181 W that is distributed mainly on particles of 
the second type but which is also present in the melted rock. Twelve minutes after the 
explosion, the typical value of the atom ratio lsl W/ 147 Ndin the cloud was (1.6-1.7) x 10 4 
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Fig. 2.6. Change in the activities of (a) l47 Nd and (b) 181 W associated with particle sizes greater than d 
(integral distribution of activity of l47 Nd and 181 W over the particle sizes): (a) / 147 (z/); log d = 2.785 ± 0.648, 
d = 609.5 pm; (b) 1) J s m (d)\ log d = 1.640 ± 0.704, d = 43.7 pm; 2) / m (d): log d = 2.322 ± 0.972, 
zJ = 210 pm. 


and in the base surge it amounted to 2.7 x 10 4 . After 3^1 hr, this ratio increased in the 
cloud to (9-16) x 10 4 . In the bulk ground and the fallout pattern, the ratio l 8 l W/ 147 Nd 
increased from 1.5 x 10 3 (150-180 m) to (1.0—1.4) x 10 4 (1000 m) and then decreased 
slightly with distance. The average (representative) value for the bulk ground was taken to 
be 2.37 x 10 3 . 

The distribution of the particles in the size range 11-177 pm was also studied (at 
12 minutes after the explosion, particles greater than 177 pm were already absent from 
the cloud and particles smaller than 11 pm had a descent velocity comparable to that 
of atmospheric vertical motions). The activity of l47 Nd obtained for different groups of 
particle sizes within this range was summed and distributed over the bulk ground, the 
cloud and the cloud of the base surge. The size distribution of the l47 Nd activity over all 
particles was expressed by the logarithmic function: 


*147 (Z) 


o\ 47 \jhx 


exp 


log <7137 - log c/ y 
CTI47V2 / . 


( 2 . 6 ) 


Here, <£>i 47 (Z) is the probability that l47 Nd is present in particles whose sizes range from Z 
to (Z + dZ), where Z — log d (d is the particle diameter) and the logarithm of the particle 
median size log c /147 = 2.785, while the distribution dispersion factor crj 47 = 0.648. The 
median size of the particles was approximately equal to 610 pm. The distribution indicated 
is obviously valid not only for l47 Nd but also for all refractory products of the explosion. 

Figure 2.6a shows the change of I\ 4 i{d), the integral size distribution of particle activity 
for the fraction of l47 Nd associated with particles possessing a size greater than the 
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indicated (d). For 1SI W loge/i8 1 = 2.322, erjgi = 0.972 and the median diameter was 
210 pm. Integral distribution of /i8i(<i) and J'[ S] (d) is shown in Fig. 2.6b (Heft et al., 
1971). 


4. Fractionation of Nuclides in the Radioactive Particles Produced by Underground 

Nuclear Explosions 

Because of the varied origins of the different particle types as well as the different 
conditions of their activation, the particulate radionuclide composition of explosion 
products is variable. The nuclides formed in the explosion are also fractionated due to 
different thermal conditions that exist at the time of their formation, the conditions of their 
activation and the different rates of passage of the particles through active zones. 

In an underground nuclear explosion, the process of fractionation is extremely 
complicated and the coefficients of fractionation are very scattered, more so than in 
atmospheric nuclear explosions. Our knowledge of the fractionation processes makes it 
possible, however, to estimate the nuclide composition of the radioactive fallout, to predict 
it and, in addition, to develop an idea of the processes that cause activation of the molten 
and crushed rock and the formation of the particles constituting the ensuing fallout. 

Let us consider the fractionation effects for the different particle types. Analysis of 
experimental data shows that the radioactive products in the particles of the explosion cloud 
differ substantially from those in a non-fractionated mixture of the explosion products. 
Table 2.2 presents the fractionation coefficients for certain individual nuclides compared 
to the refractory species "Mo and l47 Nd (or 95 Zr) that are weakly fractionated (Izrael et 
al., 1970b; Heftet al., 1971; Izrael et al., 1970a; Miskel, 1966; Bonner and Miskel, 1965). 
Analysis of the data in Table 2.2 and the known parameters of the explosions mentioned 
above allows the following conclusions to be made with respect to the fractionation of the 
radioactive products in the explosion cloud; 

1. The radioactive products are significantly depleted in the nuclides of refractory 
elements and are enriched in those having gaseous precursors. 

2. The degree of enrichment of these nuclides correlates with the half-lives of their 
precursors. The fractionation coefficients for all nuclides (with respect to the refractory 
nuclides) decrease in magnitude according to the following sequence: l44 Ce, 95 Zr, 131 1, 
103 Ru, 141 Ce, 92 Sr, 140 Ba, 91 Y, 139 Ba, 90 Sr, l37 Cs, 89 Sr and 138 Cs. 

3. There is a weak dependence of the fractionation coefficients on the scaled depth 
of the explosion. The lowest fractionation coefficients were recorded for the radioactive 
products from the cloud of the “Chagan 1004” explosion where cavity venting was 
greatest and a very distinct cloud was formed. The same was observed in the cloud of the 
“Palanquin” explosion where the radioactive products escaped easily into the atmosphere 
through a ground fissure. The highest fractionation coefficients were noted in the “Telkem- 
2” and “Sulky” explosions where no radioactive clouds were produced. 

4. With lower explosion yields, there is a tendency for the fractionation coefficients 
to be higher (for example, in the “Danny Boy” explosion as compared to the “Sary- 
Uzen 1003” explosion). In the clouds of small yield explosions (e.g., “Sulky”, “Telkem-1”, 



Table 2.2 

The fractionation coefficients for particles in a radioactive cloud after different underground cratering nuclear explosions 


Name of explosion 

Time of sampling 

89 Sr 

90 Sr 

91 Y 

103 Ru 

131, 

137 Cs 

l40 Ba 

141 Ce 

Palanquin 1 


2 

- 

- 

- 

- 

0.4 

0.5 

0.6 

Sary-Uzen, 1003 2 

3-5 s 

0.004 

- 

0.3 

0.8-1.3 

0.02 

0.1 

0.4 

0.6-1.1 

Chagan, 1004 2 

0.25-1.1 hr 

35 

11 

12 

7.1 

9.6 

25 

12 

4.3 

Sary-Uzen, 1003 2 

1.5-2.4 hr 

48-93 

- 

13-26 

3.4-5.4 

0.2-1.2 

19-35 

25-37 

4.9-5.3 

Danny Boy 1 

15 min 

236 

137 

45 

- 

- 

212 

54 

567 

Danny Boy 1 

2.3 hr 

754 

421 

130 

- 

- 

755 

155 

11 

Schooner 1 

3 hr 

- 

- 

- 

6.8-11.3 

- 

- 

- 

- 

Telkem-1, 2308 2 


8.3 x 10 3 


3.7 x 10 3 

97 

43 

5.3 x 10 3 

3.3 x 10 3 

2.3 x 10 2 

Telkem-2, 2305-2307 2 

5 min-2.4 hr 

1.4 x 10 4 

6.5 x I0 3 

6.1 x 10 3 

72 

23 

1.4 x 10 4 

5.6 x 10 3 

6.1 x 10 2 

Sulky 1 


10 5 

- 

- 

- 

- 

7 x 10 2 

10 4 

7 x 10 2 


Note: 1 — refers to coefficient of enrichment with respect to 147 Nd; 2 — coefficient of enrichment with respect to 99 Mo. 
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“Telkem-2”), the fractionation coefficients for nuclides having volatile precursors are much 
larger than for those in the clouds of middle or high yield explosions. 

5. As the time of sampling lengthens, the fractionation coefficients sharply increase 
due to the increased presence of nuclides of volatile elements or those having volatile 
precursors, corresponding to more particles of smaller and finer sizes. 

Samples taken from the cloud several hours after an explosion are strongly enriched 
in nuclides with gaseous precursors, i.e., the radionuclide composition of the cloud which 
travels over long distances is represented by a collection of the following species: 89 Sr, 90 Sr 
+ 90 Y, 91 Sr + 91 Y, l37 Cs, 140 Ba, l03 Ru and l41 Ce, the latter two being present in smaller 
quantities. Samples with such a radionuclide composition are not found in either the near 
zone or in the pattern from the dust column. At the same time, samples taken during the 
first seconds after the explosion are very similar in their nuclide composition to those of 
the slag and the earth taken from regions of the funnel and the ground bulk. Studies of the 
composition of individual particle fractions taken from the same sample have shown that 
the fractionation coefficients of the radionuclides change insignificantly over a wide range 
of particle sizes (from 0.05 to 10 pm) and for individual nuclides the distribution of activity 
over the particle fractions is similar to that of the total activity. 

Following the former USSR explosions at “Sary-Uzen 1003”, “Chagan 1004”, "Telkem- 
1” and “Telkem-2” some studies were undertaken of the nuclide composition of particles 
taken from other contaminated zones, along with the effects of fractionation (Izrael et 
al„ 1970a). It was found that the radionuclide compositions of different types of particles 
were dissimilar. Particles of the first type were significantly depleted in the volatile species 
(iodine-131, tellurium-132) and those nuclides having gaseous precursors (strontium-89, 
barium-140). In contrast, particles of the second type were enriched in the nuclides from 
these groups. Particles from two different size fractions of each type (400-600 pm and 
smaller than 50 pm) also differed in their nuclide composition, with those smaller than 
50 pm being enriched in highly volatile nuclides. 

The biological accessibility of the radioactive particles is drastically different for each 
particle type. About 12% of the activity of type-one particles can become available while, 
for the second type, up to 60-80% is available in aqueous media. On the basis of this study 
and measurements of ground samples after the “Sary-Uzen 1003” and “Chagan 1004” 
explosions, over a distance up to 50 km from the site of the explosion, we could establish 
that: 

(i) Pieces of the slag taken from the explosion funnel were depleted in nuclides having 
volatile precursors. 

(ii) For the whole zone close to the epicenter, the nuclide composition was typical of 
the slag fragments. The depletion of the nuclides was less distinct in these materials. 
However, on the lee side, samples were enriched in these nuclides, even though to a 
minor degree. 

After the “Sary-Uzen 1003”, “Chagan 1004”, “Telkem-1” and “Telkem-2” explosions, 
in the ground bulk area the average fractionation coefficient of all radionuclides, except 
those having comparatively long-lived gaseous precursors ( 89 Sr, 90 Sr, l37 Cs, l40 Ba), was 
close to unity. The epicenter zone of the explosion was depleted in 89 Sr, 90 Sr, l37 Cs 
and 140 Ba nuclides. For 89 Sr, 90 Sr and l 37 Cs, the average coefficient of fractionation lay 
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Table 2.3 

Coefficients of nuclide fractionation relative to 95 Zr in different 
zones of the “Sary-Uzen, 1003” and “Chagan, 1004” explosions 


Zone 

91 Y 

l40 Ba 

,03 Ru 

l44 Ce 

“Sary-Uzen, 

1003” explosion 


Bulk ground 

0.83 

0.85 

1.2 

1.3 

Cloud pattern 

1.90 

2.2 

0.90 

1.1 

Base surge pattern 

2.3 

3.5 

0.84 

0.93 

"Chagan, 1004" explosion 



Bulk ground 

- 

0.67 

1.3 

- 

Cloud pattern 

0.85 

1.15 

0.93 

0.85 

Base surge pattern 

2.7 

1.3 

1.3 

0.8 


between 0.2 and 0.5 and for l40 Ba it was within the range 0.7-1.0. For the ground pattern, 
a rather insignificant increase in the relative content of the volatile nuclides, or those 
having volatile precursors, with distance from the epicenter was a typical finding. The 
fractionation coefficients in first type particles in the ground pattern for 90 Sr (with respect 
to 95 Zr) were approximately 0.2, and for l06 Ru about 0.5-0.7. 

The radionuclides with gaseous precursors were enriched in the base surge fallout when 
compared with the cloud pattern and the ground bulk zone. Table 2.3 shows the average 
coefficients of fractionation for the ground bulk zone, in fallout from the cloud of the base 
surge and in the cloud pattern after the “Sary-Uzen 1003" and “Chagan 1004” explosions. 
On the basis of these data, it is clear that there is enrichment of particles of the volatile 
species in fallout in comparison with the fallout in the cloud pattern. It should be recalled 
that particles in the far zone of the fallout would contain significant quantities of nuclides 
with volatile precursors. 

Analysis of soil samples taken from the region of the Chagan “atomic lake” (explosion 
1004) showed, during later years, increased concentrations of radionuclides that are the 
products of activation of soil components, 60 Co, l52 Eu, l54 Eu. A good correlation was 
also found between the concentrations of 239 Pu and 241 Am; 90 Sr and l37 Cs; and 60 Co and 
isotopes of europium. The ratio A 239 Pu/A 241 Am was ~ 1.4^1.0 (in other places up to 10); 
A 90 Sr/A 137 Cs ~ 0.6-2.0 and A l52 Eu/A l54 Eu ~ 1.4-1.8 (in other places up to 6-20). It is 
of interest to note that 207 Bi is present among these other radionuclides (it correlates more 
with 137 Cs than with 6n Co). It is possible that 207 Bi is linked to material forming the charge 
of the weapon. 207 Bi is accumulated in plants and its concentration reaches 400 Bq/kg in 
the vegetation around the lake (Kadyrzhanov et al., 2000). 

To determine the character of nuclide fractionation in any of the zones of radioactive 
contamination, graphs of the correlation of the fractionation coefficients of nuclides i with 
respect to 89 Sr and those of the fractionation coefficients for 95 Zr with respect to S9 Sr for 
the samples from the ground fallout pattern were prepared. The slope of the regression 
line characterizes the fractionation coefficient of the /th nuclide with respect to 95 Zr for 
the whole of the contamination zone. Figures 2.7 and 2.8 show the correlation graphs 
for two explosions, “Sary-Uzen 1003” and “Danny Boy”. The magnitudes of fr;, 95,89 
for the “Danny Boy” explosion were derived on the basis of the correlation between 



84 


Radioactive Fallout after Nuclear Explosions and Accidents 



Fig. 2.7. Correlation graphs for two nuclides after the “Sary-Uzen 1003” explosion. 



Fig. 2.8. Correlation graphs of the fractionation coefficients for different nuclides in the ground fallout pattern 
from the “Danny Boy” underground explosion. 


the fractionation coefficients described by Izrael (1974). Tangents of the slopes of the 
regression line for the “Sary-Uzen 1003” explosion and the two American explosions 
(“Sedan” and “Danny Boy”), taken from papers by Izrael et al. (1970a), Bonner and Miskel 
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Table 2.4 

Tangents of angles of the regression lines for correlation of the fractionation 
coefficients for some underground explosions 


Radionuclide 


Explosion 



Sary-Uzen 

Sedan 

Danny Boy 

91 y 

0.46 

0.56 


95 Zr 

1.0 

1.0 

1.0 

99 Mo 

0.96 

0.96 

0.90 

103 Ru 

0.63 

0.50 


106r u 

0.56 

0.42 


131 [ 

0.60 

0.44 


l32 Te 

0.75 

0.57 


l37 Cs 

0.04 

0.01 


l40 Ba 

0.38 

0.52 

0.54 

l4l Ce 

0.62 

0.77 

0.84 

l44 Ce 

0.93 

0.83 

1.0 


(1965) and Kroker et al. (1965), are presented in Table 2.4. The magnitudes of bi, 95.89 for 
the ground bulk after the “Sary-Uzen 1003” explosion (Izrael, 1974) were also determined. 

It was observed that the slope of the regression line was smaller for the fallout pattern 
than for the bulk zone. The tangents of the slopes of the regression lines 95,89 for the 
various nuclides can be arranged sequentially as follows (in order of increasing slope and 
decreasing fractionation relative to 95 Zr): 137 Cs, 89 Sr < 90 Sr < l 40 Ba, 91 Y, 103 Ru, 131 I < 
l32 Te < l36 Cs < l4l Ce < l44 Ce < "Mo, 95 Zr. Commas divide nuclides that differ only 
slightly. This sequence practically coincides with a similar sequence for the decrease in 
nuclide volatility (see earlier). In the zones of the funnel and the bulk ground, there is 
only weak fractionation of the nuclides. The average coefficients of fractionation for all ra¬ 
dionuclides, except those having relatively long-lived gaseous precursors ( 89 Sr, 90 Sr, l 37 Cs, 
140 Ba), are close to unity (with respect to 95 Zr). The average coefficients of fractionation 
after “Telkem-l”, '‘Telkem-2", and “Chagan 1004” tests (Izrael et al., 1970a) are within the 
ranges 0.67-1.1 for l 40 Ba, 0.27-0.61 for 90 Sr, 0.38-0.51 for 137 Cs and 0.20-0.47 for 89 Sr. 
The maximum scatter of the nuclide fractionation coefficients / 9 s ,89 that can characterize 
the fractionation in a given zone did not exceed one order of magnitude in the close-in 
pattern for "Sary-Uzen 1003”, while for the bulk it was ~ 3-4 times. The scattering of the 
fractionation coefficients of other nuclide pairs was smaller than the values indicated. 

The base fallout zone was enriched in radionuclides with gaseous precursors as com¬ 
pared to the zone of the cloud pattern and especially the bulk ground. This effect was partic¬ 
ularly evident in the “Chagan 1004” experiment where the base surge and explosion cloud 
patterns were separated as a result of the meteorological conditions at the time (Izrael et 
al., 1970a). The fractionation coefficients of 89 Sr and 91 Y in relation to 95 Zr amounted, re¬ 
spectively, to 3.1 and 2.5 in the base surge fallout zone and 0.3 and 0.8 in the cloud pattern. 

As already mentioned, fractionation in the close-in pattern of the radioactive cloud was 
not great and changed little along its length. For explosions where there was no clear di¬ 
vision between where the cloud and the base surge occurs, the fractionation (and the co¬ 
efficient of scattering) increased and, when the explosions were very small, it can become 



86 


Radioactive Fallout after Nuclear Explosions and Accidents 



Fig. 2.9. Changes of the fractionation coefficients / 90 , 9 s with the relative distance xjHu for different explosions 
(x is the distance along the axis, H is the cloud height and » is the wind velocity). 


essentially zero. Thus, in “Chagan 1004”, the radioactive products in the near-zone were 
weakly fractionated; throughout the area of fallout, along its axis, the fractionation coeffi¬ 
cient of 90 Sr relative to 95 Zr remained within the range of 1.0 to 4.0; in “Sary-Uzen 1003”, 
the nuclide fractionation was substantially higher; thus, for example, the fractionation coef¬ 
ficient changed over the range 1-10, while in “Telkem-1” and “Telkem-2” the coefficients 
changed from less than 1 to values in the hundreds (Fig. 2.9) (Izrael et al., 1970a). Long¬ 
distance fallout is characterized by rather significant coefficients of the fractionation. 

Results of studies of the nuclide composition of, and fractionation in, particles after 
the “Schooner” underground explosion are described by Heft et al. (1971). In this U.S. 
explosion, which was partially vented, the particles of different slag formations, both black 
and shiny ones and transparent glass-like pieces with black particles embedded within, 
were investigated. The first particles were highly enriched in refractory nuclides and they 
were obviously generated in the inner part of the molten rock within the cavity. Samples 
of such particles (p) were used as the basis for normalizing the nuclide ratios found in 
other particles or samples. The ratios were determined relative to the content of the most 
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refractory nuclide l47 Nd in the sample, i.e., the ratios N A /N {41 were determined and 
normalized for the / th sample: 


a _ (N A /N X41 )j 
(N A /N' 41 ) p 


(2.7) 


For the refractory nuclides 144 Ce, "Mo, 54 Mn and 88 Y, X A = 1.00. The nuclide ratio 
resulting from activation of one element, e.g., 181 W/ lsl W, is invariant as well. 

Changes of the value of X A for samples taken at different times in the cloud and in the 
base surge and in samples of fallout were extremely large. It was especially clear from a 
comparison of samples taken from different zones, i.e., in the cloud, the base surge and in 
the fallout pattern, that the X A values differed by factors of ten to several hundreds. This 
is explained by the fact that all of the samples contained a mixture of particles that were 
formed from both the molten rock and from fractured material located originally in the 
area immediately above the cavity. 

As a tracer of the particles formed from the crushed, but not molten, rock, the nuclide 
i03 Ru was used. It is a volatile species but without volatile (gaseous) precursors. As the 
X A values change greatly from one sample to another, the ratio (X 4 — 1)/(X 103 — 1) will 
remain practically invariant. It was shown by Heft et al. (1971) that Xf the integral of the 
X A value, is 


X 


/t 

o 


{N a /N' 41 ) p 


= 1 + x s 4 //v 4 . 


( 2 . 8 ) 


The ratio N$/N a is an important characteristic that presents the ratio of the number 
of atoms deposited on the particle surfaces (mainly those formed from destroyed rock) 
to those enclosed within the slag formations and the glass-like particles formed from the 
molten rock. The values for (X 4 — 1)/(X 103 — 1), X 4 and N A /N A for different radionu¬ 
clides, as found after the “Schooner” explosion (Heft et al., 1971), are presented in Ta¬ 
ble 2.5. 


5. Interpretation of Data on Fractionation. Scheme of Particle Activation in 

Underground Explosions 

Using a number of theoretical and experimental results and data on the fractionation of 
the nuclides in radioactive particles, we have endeavored to build a possible scheme for 
the formation and activation of the particles as they are produced in underground cratering 
nuclear explosions. This allows us to predict the nuclide composition of the radioactive 
fallout in different zones after such explosions. From Table 2.5 it is clear that, despite the 
great differences between the yields of the “Sary-Uzen 1003”, “Danny Boy” and “Sedan” 
explosions, the tangents of the slopes of the regression lines for different nuclides that 
characterize the integral fractionation coefficients in the close-in fallout pattern, are much 
the same for these explosions. 
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Table 2.5 

Average values of ( X A — 1)/(X 103 — 1), Xq and N^/N^ for different radionuclides after 
the “Schooner” explosion (Heft et al., 1971) 


Radionuclide 

(X A - 1)/(X 103 - 1) 

X A 

A 0 

N a /N a 

137 Cs 

10.56 

16.65 ± 1.78 

15.65 ± 1.78 

132 Te 

6.91 ±0.61 

11.21 ±0.90 

10.21 ±0.90 

203p b 

5.50 ±0.68 

9.13 =b 1.00 

8.13 ± 1.00 

196 Au 

3.06 ±0.50 

5.52 ±0.74 

4.52 ±0.74 

181 w 

2.61 ±0.27 

4.86 ±0.40 

3.86 ± 0.40 

74 As 

2.29 ±0.93 

4.38 ± 1.38 

3.38 ± 1.38 

131, 

1.56 ±0.15 

3.30 ±0.22 

2.30 ±0.22 

l03 Ru 

1.0 

2.48 ±0.10 

1.48 ±0.10 

"°Ag 

0.702 ±0.220 

2.04 ±0.32 

1.04 ±0.32 

l40 Ba 

0.427 

1.63 ±0.062 

0.63 ± 0.062 

134 Cs 

0.306 ±0.090 

1.452 ±0.133 

0.452 ±0.133 

136 Cs 

0.276 ±0.068 

1.408 ±0.100 

0.408 ±0.100 

24 Na 

0.154 ±0.065 

1.228 ±0.096 

0.228 ± 0.096 

l41 Ce 

0.102 ±0.011 

1.151 ±0.016 

0.151 ±0.016 

57 Co 

0.018 ±0.004 

1.027 ±0.006 

0.027 ±0.006 

Refractory radionuclides 

1.0 

0 


In a similar way to Freiling (1961), we take tan(a) = -JYj, where F, is the fraction of 
refractory nuclides in each mass chain, for the given radionuclide. We can then determine 
an effective time f e f corresponding to the moment of particle solidification, under typical 
conditions, for ground explosions because the dependence of F, on t for such conditions 
is known (Izrael, 1969). The average value of r e f obtained in this way for the above ex¬ 
plosions (for different nuclides) amounts to ~ 40 s. Therefore, the fractionation occurring 
in the close-in fallout pattern after an underground explosion virtually coincides with that 
after a surface explosion. Note that the formation of particles from the molten ground ma¬ 
terial in underground explosions obviously takes place quicker and this implies that, under 
high pressure and temperature, the solution of gases in the molten ground material becomes 
possible. 

It is of interest to analyze the data on activation of the molten rock and to compare 
these with l34 Cs results, as was performed by Heft et al. (1971). 136 Cs, a product of the 
fission process, forms without any volatile precursor and immediately after an explosion 
it is present in the cavity only in the gaseous state. On the other hand, the l34 Cs is a 
product of the activation of a small part of the nuclear fuel and the rock by neutrons 
from the explosion. At the beginning, it is in a partly evaporated and partly molten state. 
A comparison of the data indicates that, for these two isotopes, the values of Ns and N c 
are the same within the limits of error. Therefore, by the time of the gas outburst (for the 
“Schooner” detonation, 1.75 s), equilibrium must have been reached between the gaseous 
and liquid phases. In their calculations Heft et al. (1971) used Henry’s law to carry out 
theoretical calculations of the phase separation. From Henry’s law, the mass of gas that is 
weakly dissolved in a certain liquid at a given temperature is proportional to the partial 
pressure of the gas (true for gases that do not enter into any chemical reactions with 



Basic Features of Radioactive Particle Formation 


89 


the solvent). For ideal gases and dilute solutions, Henry’s law gives an indication of the 
dependence of the partial pressure of an element A on temperature: 

<2 - 9) 

where G a is the mass of the element A that is condensed; G s is the mass of the solvent S; 
K a is the equilibrium constant for the reaction; A H A is the enthalpy of the reaction; R is 
the gas constant; T is the temperature, K. 

Results of the measurement of the pressure of cesium vapors over a diluted cesium 
solution in a molten CaOAhCb-SiCh mixture are presented in Heft et al. (1971). The 
results follow Henry’s law for the reaction 

Cs+ oluti on + Xs“ol Ut io„^CsX gas , (2.10) 

in which the X - concentration in the liquid silicate is significantly greater than the Cs + 
concentration. In this work, the constants A -136 = 4.06 x 10 6 and A // 136 = 79 kcal/mol 
were determined. 

The second relationship between the partial pressure of l36 Cs and its concentration in 
the molten silicate rock was derived on the assumption that ,36 Cs behaves in the cavity of 
the “Schooner” explosion as an ideal gas, in which case: 

N' 36 T 22400 , 

Pr s =---—-x 10 (2.11) 

6.02 x 10 23 273 V 

(Pcs is expressed in atmospheres and V is the cavity volume in m 3 ). 

In addition. 


Ls _ 6.02 x 10 23 v ' ' 

(Gcs is expressed in g). Hence, it follows that 

—= ^--G s -6.03 x 10” -7 , (2.13) 

Gcs/Gs A c 136 V 

where Gs is the molten rock mass in grams. 

When Eqs. (2.9) and (2.13) are combined for Pcs/(Gc s /Gs) and then solved for 
Ag 36 /)V C 136 , we obtain 

Ac 36 1.66 x 10 2 VX 136 exp(-A// l 36 /PT) , „ s 

A t ! 36 PG S 

The cavity volume V in the “Schooner” explosion has been estimated as 1.9 x 10 6 m 3 
at the moment of ventilation, with a gas temperature at outburst T > 2875 K, Gs = 
1.4 x 10 10 g (i.e., 350 t of the molten rock and 70 t of the evaporated rock per 1 kt of 
the explosion). Hence, the calculated value 


^ 0.290. 



90 


Radioactive Fallout after Nuclear Explosions and Accidents 


In the opinion of different authors, this represents a lower limit since lower limits for 
the value of V were used in the calculation. This can exert essential influence on the 
final results. It is true that, by the moment of venting (1.7-2.0 s), the cavity volume, as 
determined from calculations by Knox and Terhune (1965), amounted to 1.1 x 10 7 m 3 for 
an explosion of 100 kt. When it was recalculated for the yield of the '‘Schooner” detonation, 
the volume obtained was approximately 3.3 x 10 6 m 3 , i.e., 1.7 times larger than the volume 
used by Heft et al. (1971). Then the ratio 


Mi 36 

W136 

iy C 


— 0.5. 


(2.16) 


Values of the quotient /Vj 3f> //V c 136 determined experimentally were 0.408 ± 0.100. This 
calculational approach can also be used for other nuclides. 

If we generalize the most interesting results and draw up a scheme for the activation of 
the rock and for the formation of the radioactive particles in underground explosions, we 
arrive at the following conclusions. 

In the first place, our theoretical calculations have shown that, for a long time (5-14 s) 
in the cavity, as well as in the lower part of the cloud, a temperature of rock solidification 
of 1500 °C holds “relatively” steady (see Section 2.1 in Izrael (1966)) but, 1-2 s after the 
explosion, the temperature reaches 2000 °C. In reality, in the “Sary-Uzen 1003” explosion, 
the gas temperature at the moment of venting and later (1 s after the explosion) was 1900- 
2000 °C and, in the “Schooner” explosion, at approximately 2 s after the explosion, it was 
2600 °C. 

Further, the interpretation of data on fractionation for different underground explosions 
(Izrael et al., 1970b) shows that activation of the particles (mainly molten) proceeds in such 
a way and under such conditions that the effects of fractionation are much the same as in 
high yield ground explosions where solidification occurs roughly 40 s after the explosion. 
This can be possible only when, in underground explosions, under the prevailing high 
pressures and temperatures, a significant fraction of the volatile products and inert gases 
turns out to be in a dissolved state (i.e., at the time when the crushing of the now solidified, 
molten rock into separate fragments occurs (Izrael et al., 1970b)). 

On the basis of analysis of data on activation of molten rock for the nuclides 136 Cs and 
l34 Cs (the first is a fission product, formed at the explosion center, and the second a product 
of induced activity, formed in partially evaporated and molten rock as well as, to a small 
extent, in the fuel material), it becomes clear that, in the “Schooner” explosion, at least 
by the time of venting (1.75 s), an equilibrium distribution of these isotopes between the 
gaseous phase of the cavity and the molten rock was attained (Heft et al., 1971). It follows 
also (Izrael et al., 1970b) that radioactive products do not mixed homogeneously in the 
molten rock, the quantity of which in the cavity amounts to 350-600 t/kt, while that of the 
evaporated rock is 50-70 t/kt. 

Analysis of the “Schooner” data has shown that, by the time of formation of the particles 
(or at their time of solidification), all refractory products were present in the molten 
rock, and also about 80-90% of the 24 Na and 141 Ce, as well as ~ 70% of the partly 
“intermediate” 134 Cs and l36 Cs, 40% of the 103 Ru and only about 10% of the 132 Te and 
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6% of the l37 Cs. In this context, we believe that the scheme of activation of the rock and 
the formation of radioactive particles in an underground explosion is as follows: 

1. A powerful shock wave develops in an underground explosion with the general 
motion being directed outwards. Behind the shock front, the ground is heated and, at some 
distance, the ground evaporates and, further on, it melts. Under the pressure generated 
by the gaseous substances (evaporated rock, gaseous products of rock decomposition 
and water vapor), the spherical cavity increases in size until the time when the pressure 
is balanced by the lithostatic pressure (obviously this equilibrium is not reached in an 
explosion where venting occurs). The walls of the cavity are covered with the molten rock. 

After the passing of the shock wave front, the gaseous products remain in the cavity. 
This is confirmed by the observation that the cavity radius, within a contained explosion, 
as well as the occurrence of venting in a cratering explosion, are undoubtedly dependent 
on the water content of the rock and on the quantity of gases formed through rock 
decomposition (Terhune et al., 1970). A certain proportionality was found between these 
effects and the content of water and gases. It is probable that only a fraction of the 
radioactive products of an explosion that are evaporated can find its way into the molten 
rock as a result of the shock wave action. 

2. During the cavity expansion, there is extensive evaporation of water vapor as well 
as gas emission from the molten rock; so-called “boiling” takes place. This results in the 
formation of slag and pumice concretions. The gaseous inclusions reduce the rock's density 
by 10-30%, a fact that is only possible if there is evaporation of a larger part of the mass, 
namely, water and volatile products. Radioactive volatile products amount to only a negligi¬ 
ble part of this volume. During the "boiling" phase, significant quantities of small particles 
are released into the cavity (as in the bursting of bubbles in sea water (Yunge, 1965)). 

3. For a relatively long time, the temperature in the cavity, at least until it reaches its 
maximum volume in a contained explosion, remains high and does not drop below that 
of the condensation temperature for evaporated rock. By this time, only the refractory ra¬ 
dioactive products of the explosion, or a large fraction of them, are condensed in the rock. 
When the cavity reaches its maximum volume, if it is a cratering explosion, the tempera¬ 
ture drops sharply and a large amount (50-70 t/kt) of the evaporated earth condenses. The 
condensation takes place on the cavity walls and on particles of the rock that enter the 
cavity. Accumulations of molecules composed of the rock elements can also be generated. 
Intensive mixing obviously takes place in the cavity. At this moment, the cavity interior 
resembles the fireball that follows an atmospheric explosion. The high pressure, however, 
remains within the cavity. During this period, the refractory products are completely ab¬ 
sorbed on the particles and molecular aggregations and, in accordance with Henry's law, 
the volatile and gaseous products of the explosion, including the inert gases (xenon and 
krypton), can also be absorbed. The volume of vapors, based on a water content of 10% 
(35-60 t/kt) and given the high pressure in the cavity of about 10 4 nrVkt, is significantly 
greater than that of the condensed rock (about 25-35 m 3 at 50-70 t/kt). The amount of inert 
gases dissolved in these particles can obviously constitute only a small fraction or, at most, 
several per cent. Thus, for example, the coefficient of solubility is 0.035 (Freiling et al., 
1965) when helium is dissolved in liquid glass at a temperature of 1200-1480 °C but can 
reach 0.46 for other inert gases in the case of ground explosions. This corresponds to the 
dissolution of about 0.2% of the inert gases. We believe, however, that, under the specific 



92 


Radioactive Fallout after Nuclear Explosions and Accidents 


conditions that exist in the cavity of an underground nuclear explosion, this coefficient of 
solubility can increase. This is confirmed by the data of Heft et al. (1971), where a value of 
6% dissolution was estimated for l37 Cs (which exists in the form of an isotope of xenon, 
137 Xe, during the cavity expansion). Turbulent motion arises in the cavity and this results 
in the particles and molecular aggregations coming into contact with the cavity walls where 
they are entrapped and form the most active layer of contiguous rock dust. This has been 
confirmed in a number of observations (Izrael et al., 1970b; Heft et al., 1971). 

4. When the cavity expands to the point of the bursting/venting, the gas temperature 
does not drop immediately below 1500 °C, i.e., the temperature at which the molten rock 
solidifies (Izrael, 1966). After the “Sary-Uzen 1003” and “Chagan 1004” explosions and 
the “Schooner” detonation, the temperature of the escaping gases even exceeded this value 
(at the bursting of “Chagan 1004”, a bright glow was observed). What is more, after the 
upper part of the cavity is broken, the temperature will not drop below 1500 °C until the 
cold rock comes into the lower part of the broken cavity. This requires a time of 6-14 s. 
Throughout this time interval, activation of the particles formed from the molten rock con¬ 
tinues over the volume of cooling volatile products as well as the non-volatile products 
formed from their gaseous precursors as a result of decomposition. During this period, the 
emission of gaseous substances from the particles can also take place since the pressure 
sharply decreases. 

5. At the time the cavity vents, the melted rock is broken into fragments and mixes 
with the colder rock destroyed by the explosion in the zone above the cavity. It comes into 
collision with a huge quantity of pieces and particles of this rock. The rock (still molten 
or already solidified) is broken and disintegrated by these particles of cold rock. At the 
same time, some particles of the cold crushed rock can, for a short period, enter the high- 
temperature regions of the escaping candescent gases and, as a result, be fused from the 
surface inwards. Simultaneously, the absorption of more volatile products (in accordance 
with their physical and chemical properties) takes place on the surfaces of the particles of 
the cold rock and solidified fragments of the molten rock. 

6. When mixing with the huge mass of crushed rock (not less than 10 5 t/kt), the tem¬ 
perature of the gases and the particles that have left the cavity zone drop sharply. Large 
fragments of the rock and particles quickly fall back down into the funnel and thus form 
the zone of the ground bulk. Entrained with them are large radioactive slag formations and 
smaller particles that are distributed on the surfaces of the funnel walls and ground bulk 
material (Izrael et al., 1970a). 

Comparatively small particles remain in the cloud and continue to be activated by the 
products of decay of the inert gas nuclides. Activation of the particles by the 137 Cs and 89 Sr 
can take place for longer than 10 minutes (the half-lives of 137 Xe and 89 Kr are 3.9 min and 
3.2 min, respectively). By this time, no large particles exist in the cloud and these radionu¬ 
clides are spread out with the small particles over great distances, forming the basis of the 
long-range fallout of radioactivity. 
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The character of radioactive fallout depositing on the earth’s surface depends on the nature 
of the source of radioactivity (its intensity, geometry, etc.), together with the prevailing 
environmental meteorological conditions. This strongly depends also on the landscape 
features. The direction of transport and the downwind distribution of the radioactive fallout 
depend on the wind velocity and direction while the degree of dispersion depends on 
atmospheric stratification, turbulence, etc. Although these factors are evident, it is not 
always possible to evaluate them quantitatively. It is less obvious that the radionuclide 
composition of the fallout and, consequently, the effects of fractionation also depend on 
meteorological phenomena. 

Using the known data on the character of radionuclide fractionation on aerosol particles 
from nuclear explosions, the influence of meteorological conditions on fractionation of nu¬ 
clides and their redistribution on land and in the atmosphere is examined in the following 
sections. 


1. Meteorological Aspects of Fractionation 

Meteorological aspects of fractionation are discussed here on the basis of experimental 
data for two types of nuclear explosions, viz. (i) tropospheric tests and (ii) underground 
tests that lead to craters being formed and ground material being ejected. 

As already noted in Chapters 1 and 2, the distribution of radioactive products inside the 
cloud after a nuclear explosion is extremely irregular. Nuclides occur on particle-carriers 
of different types and sizes and, at the moment of cloud formation and stabilization, they 
are transported upwards to different levels in the cloud. In atmospheric explosions, one 
should expect the greatest activity to be at the top and center inside the cloud because of 
the effects of the cloud’s toroidal motion. It is likely that weakly activated ground particles 
will be at the cloud base and in its lower and peripheral parts. Such a distribution was 
actually found by Ferber (1965) where less than 1% of the total activity was observed in 
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the cloud base and 60% was present in the center and upper parts of the cloud (at elevations 
greater than 80% of the cloud’s top height). In an underground nuclear explosion where 
there is cratering and subsequent ejection of material, these differences in activity and in 
the distribution of particles between the major cloud and that of the base surge are more 
evident. The major cloud contains radioactive particles derived from the molten rocks and 
activated over the whole volume (the first type). The cloud of the base surge contains 
particles produced by activation of colder ground particles (the second type). The upper 
part of the cloud supposedly contains mainly particles that are activated by products of 
the radioactive decay of inert gases. Nuclide fractionation and the composition of separate 
parts of the cloud change continuously due to the settling and separation of the heavier 
particles. By the time the cloud stabilizes, the slag-like formations and the largest particles 
have fallen out in the zone of the crater and bulk ground. 

If the wind does not change in the vertical direction, the fallout from different parts of 
the cloud proceeds as summarized and we obtain an averaged radionuclide composition 
in the fallout. With increasing distance from the explosion, fractionation differences are 
observed due to the fallout of particles of differing sizes. In an underground explosion, 
where the fallout pattern from the cloud of the base surge is wider than that from the major 
cloud, a decrease of first-type particles is seen as one moves away transversally from the 
axis of the fallout pattern. Izrael et al. (1970a) made such an observation in the data from 
the “Sary-Uzen 1003” explosion. 

In the situation where the wind changes direction along the vertical axis, particles of 
the same size from different parts of the cloud may form contaminated areas on the 
earth’s surface and give rise to different radioactive fallout patterns. For example, after 
an atmospheric explosion, there are fallout patterns from the stem and the cloud, while 
in underground tests there are patterns from the major cloud and the cloud of the base 
surge. Thus, in the “Chagan 1004” and “Schooner” explosions, the trajectories of major 
cloud movement and that of the base surge were obviously different (Izrael et al., 1970a; 
Krey and Freid, 1965), resulting in fallout compositions in these zones that were quite 
different. 1 After the “Small Boy” surface explosion of low yield, a wind gradient was 
observed at heights of 3000 and 4800 m (Krey and Freid, 1965). At its upper level, the 
cloud had greater speed than that its lower part. Further on, the cloud was broken. The 
contents of 90 Sr, 95 Zrand l37 Cs in fallout samples at 1000 km in a southerly direction from 
the explosion’s epicenter actually increased after 12 hr when this slower cloud arrived at 
levels below 3000 m. The amounts of l40 Ba slightly decreased in this direction. In this 
case, the observed fractionation in the fallout took place because of the influence of the 
meteorological conditions. 

From the data presented in Table 2.3 for underground explosions, one can see that the 
fallout in the zone of the base surge when compared to that in the cloud pattern, and espe¬ 
cially that in the ground bulk zone, is enriched in radionuclides with gaseous precursors. 
This effect manifested itself particularly in the “Chagan 1004” experiment when, under the 
influence of the meteorological conditions, the patterns from the cloud of the base surge 

1 After the Chernobyl accident (although it was not a nuclear explosion as such but the emission and presence of 
radioactive particles in a cloud and a cloud stem I, more than ten radioactive patterns having different radionuclide 
compositions were formed in the 60-km near-zone due to the prolonged nature of the source (several days) in 
parallel with changing meteorology (see Chapter 5). 
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Fig. 3.1. The particle-size distribution of lsl W and l47 Nd in the major cloud and the base surge. 


and those of the major cloud of the explosion were obviously separated. After the “Sedan” 
explosion, due to the wind velocity gradient at heights of 3000 m and 5000 m, a break-up 
of the initial cloud took place. The cloud at higher altitudes moved slightly northwards 
with a greater velocity than the cloud at lower levels (Krey and Freid. 1965). 

To estimate the radionuclide composition of the fallout and especially to predict 
quantitatively the density of the fallout of individual nuclides on the surrounding land, 
knowledge is required of the distribution of the radionuclides within and between different 
parts of the cloud as well as of the size-distribution of these nuclides in the different types 
of particles present in the cloud. Data on the particle-size distribution of 1S1 W and l47 Nd 
activities in air (within the major cloud and in the cloud of the base surge) are presented in 
a paper by Heft et al. (1971) and are shown in Fig. 3.1. 

It is assumed by Knox (1965) that, after an underground explosion, 80% of the gamma- 
activity of F c is contained in the major cloud, while only 20% is in the cloud of the 
base surge. It is also supposed that a radioactive substance settling from the major 
cloud is divided between two normal logarithmic particle-size distributions: w m (l)F C with 
parameter lnf m (D and standard deviation cr nl (i) and w m (2)F c with parameter lnr m ( 2 ), and 
standard deviation ff m( 2 ). A portion of the radioactive particles with the first distribution 
is uniformly distributed over the whole volume of the major cloud and a fraction of the 
particles with the second distribution is equally distributed but, this time, only in the 
lower part of the major cloud, i.e., that which occupies 1 /5 of the total volume. A similar 
separation of the mass of the radioactive substances according to the first and second 
distributions and volume is assumed also for the cloud of the base surge. 
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Fig. 3.2. The washout (%) of different sizes of aerosol particles (in the troposphere) at a rainfall intensity of 
2.5 mm/hr and raindrop diameter of 20 pm. The effect of rain duration is indicated by the numbered (hours) 
curves. 


When making attempts to calculate the radioactive fallout and the effects of nuclide 
fractionation accurately, the approach must take account of the physical features of an 
explosion and the prevailing meteorological conditions. Other meteorological processes, 
such as the unequal washout of particles of different sizes from the atmosphere, can 
influence the fractionation of radioactive products during the fallout process onto the 
earth’s surface as well as the fallout intensity. 

Large size particles fall mainly due to gravitational deposition. Particles with settling 
rates comparable to the vertical motions in the atmosphere (i.e., those of less than 10- 
12 pm) are deposited on the earth’s surface either through collision with the surface 
under the influence of the turbulent motion of the air masses (dry deposition) or through 
washout by atmospheric precipitation (moist or wet deposition). For global fallout, the 
dry deposition amounts, on average, to 15-20% (Pavlotskaya et al., 1970) and can be 
characterized by an effective rate of deposition (ratio of the rate of fallout accumulation 
to the concentration of the radioactive products in a near-ground air layer) of about I cm/s. 
For instance, in the southern USSR, in 1963, the mean annual value for dry precipitation 
was 0.7 cm/s and for wet deposition 1.1 cm/s (Makhon’ko, 1971) (no tests of nuclear 
weapons were carried out in this year). 

The rate of particle washout by atmospheric precipitation essentially depends on 
the sizes of particles in the atmosphere as well as on precipitation type and intensity. 
Quantities of wet fallout most commonly increase with increasing precipitation, although 
fine drizzling rains wash out the radioactive particles more efficiently. The calculated 
efficiency of washout of aerosol particles from the atmosphere is shown in Fig. 3.2 as 
a function of particle size. One can see that there is a sharp decrease of the washout 
coefficient for particles of size 0.1-1.0 pm. This feature explains the differences in washout 
by precipitation for individual nuclides. 
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Table 3.1 

Degree of radioactive product transition into water (in 100 days) after an underground nuclear explosion (A) and 
the ratio (in activity) between particles of the 1st and 2nd types (B) in different contamination zones 


Contaminated zone 

A (%) 

B (%) 

Cloud pattern 



Base surge 

17 

2.1 

Main 

4.3 

10 

Zone of combined fallout 

12 

3.4 

Ground rubble 

3.4 

- 


The more important radionuclides in global fallout can be placed in the following 
sequence according to their washout intensity (Makhon’ko, 1971): ( 95 Zr, l44 Ce) > 90 Sr > 
137 Cs ( l06 Ru, 89 Sr) > 125 Sb. The sequence is influenced by the dispersion of the particles 
to which different nuclides are attached. Thus, in atmospheric explosions, larger particles 
are enriched in l40 Ba, while smaller ones are enriched in 89 Sr and 90 Sr. It was probably 
due to this factor that, in the spring of 1963, the l40 Ba/ 90 Sr ratio in rainwater increased, 
relative to 1962, at a rate that was higher than the change in the 89 Sr/ 90 Sr ratio (Kuroda et 
al„ 1965). 

Kalkstein et al. (1965) has also described the fast decrease of the l40 Ba/ 90 Sr ratio in the 
troposphere by more rapid washout of the larger particles. It was noted also by Mamuro et 
al. (1963a), Gaziev (1965) and Gaziev et al. (1965) that, at the beginning of a rain shower, 
the radionuclide composition of rain samples differs from the overall average composition 
because of the early washout of larger particles. Storebo (1960a,b) has described this 
fractionation as taking place on the windward side of mountains. Changes in the particle 
sizes of global fallout, and hence in the rate of their washout from the atmosphere, can be 
caused by their coagulation with natural aerosols (Gaziev et al., 1965). During the process 
of washout, a fraction of the radionuclides can also become dissolved in the water. This 
can explain the increased migration and biological accessibility of a given nuclide. 

As indicated previously, nuclides on the surfaces of particles are more easily transferred 
into solution. In this connection, after an underground explosion, particles of the second 
type are the most subject to leaching. Consequently, the greatest possibility of dissolution 
of the radioactive products is observed in the fallout zone of the base surge. Table 3.1 
presents the amounts of dissolution in water for samples taken from the different fallout 
zones of the “Chagan 1004” explosion (Izrael et al., 1970a). 


2. Radionuclide Composition of Fallout Near Ground-Zero Following Atmospheric 
and Surface Explosions 

Radioactive fallout from nuclear explosions is usually subdivided into: (i) local/close 
(first tens to several hundreds of kilometers from the explosion site and having particle 
sizes larger than 50 pm), (ii) long-range (up to distances of several thousands of kilometers) 
(iii) intermediate tropospheric (lasting for one-two weeks) and (iv) global or stratospheric 
(lasting for many weeks, months and even years). 
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Table 3.2 

Integral coefficients of fractionation (for the close-in fallout pattern) of different nuclides after surface nuclear 
explosions (h = 0) 


Nuclide 


Integral coefficients* 


Of fractionation for the close-in pattern 


Of leaching (%) 

t,=7s 

ri = 40 s 

t\ = 7 s 

II 

o 

95 Zr 

1.0 

1.0 

0 

0 

"Mo 

1.0 

1.0 

0 

0 

103 Ru 

0.61 

0.73 

0.06 

0.03 

I°6 Ru 

0.14 

- 

- 

- 

89 Sr 

0.06 

0.10 

0.95 

0.79 

"Sr 

0.10 

0.23 

0.87 

0.43 

131 j 

0.55 

0.77 

0.03 

0.03 

132 Te 

0.43 

0.53 

0.08 

0.09 

l37 Cs 

0.04 

0.08 

0.96 

0.94 

l40 Ba 

0.37 

- 

0.23 

- 

l44 Ce 

1.0 

1.0 

0 

0 


*With respect to refractory point nuclides. 


Andryushin et al. (1996) have described the distribution of radioactive fallout from an 
explosion in 1949 (USSR) using measurements of y -radiation fluxes. The curve of the 
dose-rate variation with distance indicated a sharp increase (up to 14 R/hr; % 140 mGy/hr) 
at a distance of about 100 km from the epicenter (near the village of Dolon). (At this 
stage, we remind the reader about our definitions of units of radioactivity and dosimetry in 
the introductory Glossary—it might be useful to re-read that section now!) Nearer to the 
epicenter, from 20 to 90 km, it was from 9 to 11 R/hr (% 90 to 110 mGy/hr), while be¬ 
yond 200 km it corresponded 3 R/hr (~ 300 mGy/hr). It was stated by the authors that the 
y-radiation dose rate in the Altai region gradually diminished with distance from the explo¬ 
sion’s epicenter up to 1000 km. Such a distribution was confirmed by later investigations. 

The radionuclide composition of local fallout is determined by the degree of dispersion 
of the particle-carriers that are, as a rule, formed from completely molten particles 
of surrounding rock. The fractionation of the radionuclides in such particles has been 
considered in detail in Chapter 1. 

Now the area of the fallout pattern from the 1953 explosions at the Semipalatinsk 
Test Site amounted to ~ 250 km 2 , with a contamination level by l37 Cs of 1-2 Ci/km 2 
(35-70 GBq/km 2 ) and a further area of ~ 25 km 2 with a contamination level of 2- 
5 Ci/km 2 (70-185 GBq/km 2 ). A flux/dose rate up to 1400 mR/hr (~ 14 mGy/hr) from 
l27 Cs covered an area of about 0.5%. The total amount of l37 Cs in the territory of the 
former Semipalatinsk test site amounts to ~ 3 kCi (110 TBq) or 8% of the total quantity 
released from the ground explosions, while for 90 Sr it is ~ 2.5 kCi (92 TBq) (or somewhat 
less than 10% of the total quantity (Dubasov and Tukhvatulin, 2000)). 

Average coefficients of fractionation for a zone of local fallout can be calculated by 
averaging the values of fij(d) within the limits of d change that we are interested in 
(e.g., for local fallout as a whole, up to particle diameters of 50-100 pm). Table 3.2 shows 
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Table 3.3 

Fraction of the total activity in the close-in fallout pattern after a number of atmospheric nuclear explosions in 
the USA 


Explosion 

W (kt) 

h 

Fraction in the fallout activity (%) 

Sum of radionuclides 8y Sr yo Sr 

y ^Sr/ sy Sr nuclide ratio 

in the fallout 




Tower explosions 




Fizeau 

11.1 

0.67 

6.7 

0.45 

1.59 

3.54 

Galileo 

11.4 

0.66 

10.4 

0.80 

2.82 

3.52 

Boltzmann 

11.3 

0.65 

24.5 

1.80 

6.33 

3.52 

Shasta 

16.3 

0.35 

21.7 

2.05 

7.18 

3.49 

Diablo 

17.0 

0.58 

16.6 

1.22 

4.27 

3.50 

Whitney 

18.3 

0.56 

16.1 

1.61 

5.65 

3.50 

Smoky 

44.0 

0.60 

19.6 

1.70 

5.97 

3.51 




Near-ground (balloon) explosions* 



Wilson 

10.3 

0.69 

0.91 

0.04 



Newton 

12.0 

1.95 

0.10 

0.04 



Priscilla 

36.6 

0.63 

2.12 

0.13 



Hood 

74.3 

1.07 

0.17 

0.008 




*From a list of the balloon explosions, these four were selected on the basis of h being less than or close to unity. 


the average coefficients of fractionation f)j calculated in this way for the close-in fallout 
pattern of surface detonations of differing yields, i.e., t\ = 7 s and ?i = 40 s (Izrael, 1973). 
The change of part of the activity for different nuclides <5, in local fallout is shown in 
Fig. 3.3, as taken from the data of Freiling et al. (1965). This curve practically coincides 
with the results of our own calculations. A part of the radioactivity of the / th radionuclide, 
equal to 1 — <5;, accordingly, is intermediate (long-distance) and global fallout. 

Table 3.3 shows the fraction of the radioactivity of S9 Sr and 90 Sr found in the close- 
in fallout from 1 min to 2 hr after several tower and near-ground (balloon) explosions of 
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Table 3.4 

Comparison between the radionuclide distribution in fallout predicted by a semi-empirical method for a ground 
explosion with that obtained on the basis of analysis of the nuclear fragments (Freiling et al., 1968) 


Radionuclide 

Predicted distribution 

Fraction in the cloud 24 hr 
after a high-yield explosion 
on a coral surface 

Distribution for a low-yield 
explosion on a silicate surface 

Local 

Intermediate* 

Global 

Local 

Intermediate 4 

Global 

137 Cs 

0.1 

0.1 

0.8 

0.36 ±0.36 

0.00 

0.22 

0.78 

89 Sr 

0.1 

0.1 

0.8 


0.02 

0.24 

0.74 

90 Sr 

0.15 

0.1 

0.75 

0.11 ±0.11 

0.07 

0.24 

0.69 

l40 Ba- 140 La 

0.25 

0.1 

0.65 


0.20 

0.26 

0.54 

l32 Te 

0.25 

0.1 

0.65 


0.18 

0.26 

0.56 

95 Zr- 95 Nb 

0.65 

0.1 

0.25 


0.72 

0.19 

0.09 

99 Mo (coral surface) 

0.65 

0.1 

0.25 

0.02 ±0.02 

0.72 

0.19 

0.09 


*Particles with diameters of 25-50 pm are assigned to the intermediate fallout. 

+ Particles with diameters from 18 pm to about 90 pm are assigned to the intermediate fallout. 


the American “Plutnbob” series performed in 1957. For all explosions, the scaled height 
h — h/s/W (ratio of explosion altitude to fireball radius) was less than or close to unity. 

The percentage of the total activity in the close-in fallout after the tower explosions 
was 10-25% (sum of all nuclides), including 0.5-2% for 89 Sr and 1.5-7.2% for 90 Sr. 
Apparently these explosions are closer to ground explosions than near-surface blasts. On 
the basis of our calculations (see Chapter 1), the values of < 5 g 9 and 690 for a ground 
explosion of small and medium yield should be 2.5 and 7%, respectively. Based on the 
data presented by Freiling et al. (1965), theoretically they are 10 and 15% but according 
to experimental data they are 2 and 7% (see Table 3.4). Attention is drawn to the constant 
values of the ratio between y0 Sr and 89 Sr in the close-in fallout pattern of these explosions 
(Lavrenchik, 1965; Johnson et al., 1959). This finding agrees well with our calculated 
values (Izrael, 1973). 

The close-in fallout pattern of a balloon explosion falls off (for h ~ 1.0) drastically 
with increase in explosion altitude (for total activity to 0.1-2% and for 89 Sr activity to 
0.008-0.13%). A comparison between the radionuclide mix in fallout predicted by the 
semi-empirical method used by Freiling et al. (1965) with that obtained from an analysis 
of the nuclear fragments is presented in Table 3.4. 

It is interesting to note that the slopes of the regression lines as well as the intercepts in 
a logarithmic plot of the fractionation coefficients for l40 Ba relative to 89 Sr (representing 
the data obtained for particles collected on filters and individual particles from two high 
yield atmospheric explosions in the Dominic series (USA, 1961)) are comparable (within 
limits of error) to plots of the same parameters for a 1 Mt yield test on a coral surface and 
three other types of near-water explosions (Benson et al., 1965). 

Explosions carried out by the USA in the Pacific on barges are of special importance. If 
the water layer thickness under the barge is not taken into account, it becomes impossible 
to consider such explosions as being close to atmospheric or ground blasts. However, it 
is clear that, as the water layer increases, these explosions approach atmospheric tests, 
judging from the quantity of radioactivity seen in the close-in fallout pattern. In this 
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connection, the large particles of local fallout are depleted in volatile nuclides (or those 
having gaseous and volatile predecessors). To achieve a mass balance of these nuclides, the 
small particles that are deposited at significant distances from the explosion (intermediate 
and global fallout) should be enriched in the same nuclides and, conversely, should be 
depleted in more volatile species. Thus, if in local fallout fs9,95 ^ G then in long-range 
fallout, / 89,95 2> 1 (a process sometimes termed inverse fractionation). 

Several authors have noted such inverse fractionation after ground explosions (Krey 
and Freid, 1965; Mamuro et al., 1965a; Kuroda et al„ 1965). Thus, the results from long¬ 
distance fallout measurements, at a distance of 1000 km after the “Small Boy” low-yield 
ground explosion (Krey and Freid, 1965) are characterized by a noticeable fractionation of 
90 Sr and l37 Cs. If the particles are depleted in nuclides such as l40 Ba, 14l Ce, ,03 Ru and 
91 Y, relative to 95 Zr, then coefficients of fractionation for 90 Sr and 137 Cs of. on average, 
12.4 and 7.2, respectively, confirm this inverse fractionation. 

The effects of inverse fractionation have been observed in other studies also (Mamuro, 
1966) at several hundred kms after a surface explosion. Coefficients of fractionation of 
103 Ru (relative to 95 Zr) have been found to be in the range 10-60, and 4-13 for l3l I in 
the most active particles. In probes of the “filter” and the rain, the fractionation effect was 
weak, fractionation coefficients ranging from 2.0 to 2.5, while in rain studies, at still greater 
distance, they were 0.6-0. 8 . 239 Np, which contributed 70% of the total activity after 3 days, 
and 237 U were observed in these particles. No inverse fractionation has been observed in 
atmospheric explosions (see Chapter 1). 

An example of an atmospheric explosion performed at low elevation is one that was 
detonated near the town of Totsk in the Orenburg region of the former USSR on 14 
September, 1954. The explosion, which had a yield of 40 kt, was detonated 350 m above 
the surface and the fireball did not touch the ground. The cloud reached an altitude of 
15 km in 7 minutes. Radionuclides were traced up to a distance of about 210 km. In 1996— 
1999, the radiation situation was characterized by levels in the zone of the epicenter of 
about 9-16 mR/hr (% 90-160 pGy/hr) due to l;i2 Eu (total quantity is 0.2 Ci (7 GBq)) 
and 60 Co. The average value for 137 Cs amounted to 65.8 mCi/km 2 (2.43 GBq/km 2 , close 
to global background values). Maximum deposition values in the fallout pattern reached 
about 15 mCi/km 2 (555 MBq/knt 2 ), with a density of contamination of 44.2 mCi/km 2 
(1.63 GBq/km 2 ) for 90 Sr and 4.4 mCi/km 2 (163 MBq/knt 2 ) for 2 39+240p u The activity 
ratios are 90 Sr/ l37 Cs = 0.7 and 239+240 Pu/' 37 Cs = 0.07. These data indicate that there 
was no “radioactive” fallout pattern of fission products after this explosion (Trifonov and 
Dubasov, 2000). 

In local fallout, in addition to fission products, induced nuclides can be also observed. 
The long-lived radionuclides of neutron-induced activity 46 Sc, 134 Cs, l52 Eu, 152 Eu, l54 Eu 
and fl0 Co were present in soil collected at the Nevada test site in July 1957. Long-lived 
activation products IS2 Eu, l54 Eu and l55 Eu were also found, in the close-in patterns, even 
35-45 years after the explosions conducted at the Semipalatinsk Test Site (apparently they 
can be formed as a result both of the fission process and of activation by neutrons). For the 
most part, the significant neutron-activation products are radionuclides of the refractory 
elements. Some relatively volatile nuclides can, however, be present (for instance, l34 Cs 
(Heft et al„ 1971)). Nuclides such as 57 Co, 58 Co, 55 Fe, 24 Na, 54 Mn, 65 Zn, l85 W, 181 W, 
l02 Rh, 124 Sb, I09 Cd and 1 l3m Cd were described for particles from the nuclear detonation 
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(Izrael and Stukin, 1967). These particular species were produced as a result of the 
interaction between the neutrons of the explosion with nuclei of the device’s charge or 
with the ground. Several nuclides were obviously formed through activation of elements 
specially introduced into the bomb’s shell for use as tracers of specific processes. 

3. Global and Long-Distance Fallout 

As already noted, long-distance and “intermediate” fallout (particles of size 50 to 10 pm 
and smaller) and global fallout constitute the boundary limits beyond the close-in fallout 
pattern. Each type of fallout is highly distinctive. These categories are formed from 
highly dispersed particles (sizes in units and fractions of pm) that are thrown up into the 
higher altitudes of the atmosphere following a high-yield nuclear explosion. They result 
in extensive contamination within given latitude bands around the whole globe. Long¬ 
distance fallout is formed from the highly dispersed particles that are, as a rule, limited 
to the troposphere (some fallout from the stratosphere is not entirely excluded). Long¬ 
distance fallout occurs over periods of several days; global fallout takes place over many 
weeks, months or even years after an explosion. Many monographs and articles have been 
devoted to global radioactive fallout. Some contain serious analyses of the meteorological 
aspects of the global transport of radionuclides in the atmosphere, e.g., “Radioactive 
isotopes and the global transportation in the atmosphere” (Karol, 1972). Several interesting 
recent international conferences have discussed global and regional contamination, not 
only from nuclear explosions and accidents but also from continuous discharges from the 
nuclear industry, e.g., Conferences on the Radioactive Contamination of the Arctic (1993, 
1995, 1997, 1999) and on “Radioactivity after Nuclear Explosions and Accidents” held in 
Moscow in April, 2000. 

A characteristic feature of long-distance fallout is the relationship that exists between 
its composition and the source of the contamination, a feature often traceable over many 
hundreds and thousands of kilometers from the explosion site. A second global fallout 
feature is the mixing that occurs in the stratosphere of particles and products from different 
explosions. Thus global fallout results from the deposition of highly dispersed particles 
from one or more series of powerful explosions. Intermediate fallout is an initial phase of 
global fallout and is, as a rule, difficult to identify with any specific explosion. Below 
we present a description of global fallout, observed everywhere throughout the globe, 
especially in the 1960s, and which was considered to pose a significant radiation threat. 
The growth of testing slowed substantially after the Moscow Treaty on the Prohibition 
of Nuclear Weapons Tests in the Atmosphere, Space and Underwater was signed in 1963 
(only China and France continued to test explosions in the atmosphere after that time). The 
data on global fallout relate, as a rule, to the 1960s, i.e., the time of their maximum intensity 
and when data on specific fractionation in global and long-distance fallout were collected. 
In the following, we present data on long-distance fallout from a series of high-yield tests 
conducted in the atmosphere in 1961 at the Novaya Zemlya Test Site. 

3.1. Global Fallout 

The most important radionuclides in global fallout are undoubtedly 90 Sr and 137 Cs, 
because of their long half-lives, association with particles of submicron sizes and radiation 
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hazard, and, to a lesser degree, tritium. The observed distribution of 90 Sr and L,7 Cs in 
global contamination is determined by a number of factors, the most important being: 

- the character of the nuclear weapons’ tests (power and type, i.e., atmospheric, 
underground, etc.); 

- the primary importance of tests conducted in the northern hemisphere; 

- the general systematics of the atmospheric circulation; 

- the features of climatic and synoptic conditions for different regions. 

In accordance with the data of the UN Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR, 1962), from the beginning of testing until 1963, 0.71 EBq 
(19.3 MCi) of 90 Sr and 1.22 EBq (33 MCi) of l37 Cs were injected into the atmosphere. 
Subsequent tests have contributed significantly less. If this amount were to be uniformly 
spread over the earth’s surface, then by 1970 the following average levels of contamination 
should have been observed: for 90 Sr, 1.15 GBq/km 2 (31 mCi/km 2 ) and, for 137 Cs, 
1.97 GBq/km 2 (53 mCi/km 2 ). Because of the above factors, the actual levels of 
contamination were quite different in some places. 

The 90 Sr distribution in soils has been investigated systematically. Pavlotskaya et al. 
(1970) and List et al. (1965) have presented reviews of the data. The most detailed in¬ 
formation on the levels of global contamination relates to the period 1963-1964. Before 
1963, the quantity of 90 Sr in soils increased rapidly. By 1964, a large part of the 90 Sr 
released into the atmosphere had returned to the earth’s surface. According to the es¬ 
timates of List et al. (1968), approximately 370 PBq (10 MCi) of 90 Sr had fallen out 
by then. Following the prohibition of atmospheric nuclear explosions in the USA and 
USSR, the 90 Sr fallout on land was essentially balanced by the decreases due to radioac¬ 
tive decay and river transport to the seas and oceans. This effect is illustrated in the 
data on average levels of contamination of the former USSR territory in different years: 

Year 1963 1964 1965 1966 1967 1968 1969 

Inventory (GBq/km 2 ) 1.63 2.07 2.00 1.96 1.63 1.59 1.59 

(1 GBq/km 2 % 27 mCi/km 2 ) 

A map of the global contamination of the earth’s surface by 90 Sr at the end of 
1963/beginning of 1964 is presented in Fig. 3.4. The results of List et al. (1965), 
supplemented with information on contamination levels in the former USSR from 
Pavlotskaya et al. (1970) and Morokhov et al. (1970a), were used. This map is rather 
sketchy and reflects only the most general features of the 90 Sr contamination. Thus, 
for instance, specific studies of 90 Sr fallout show some hot-spot regions of increased 
contamination that are still present. These are in the Mediterranean basin, Japanese Islands, 
North-East USA. the Pacific shore of the USA, etc. These regions are not highlighted on 
the map. It is clear from Fig. 3.4 that the most typical feature of the 90 Sr distribution is 
the sharp distinction in pollution levels between the northern and southern hemispheres. 
Rough estimates show that the 9U Sr inventory in the northern hemisphere is almost five 
times larger than that in the southern hemisphere. 

The latitudinal effect in the contamination distribution is also noted in both hemispheres. 
Maximum levels are found in regions where the majority of the tests were performed, i.e., 
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90 Sr, mCi/km 2 



Fig. 3.5. Latitudinal distribution of 9,) Sr (mCi/km 2 ) in soils in 1963-1964 (1 mCi/km 2 = 37 MBq/krrr). 

in the middle latitudes. Here, in the northern hemisphere, the average fallout is six times 
greater than in the equatorial zone. The averaged latitudinal curve constructed from the 
data of List et al. (1965) is given in Fig. 3.5. Specific cross-sections along the 70° E and 
140° E meridians are shown also. It is seen from the graphs that the latitudinal variations 
along these meridians are quite different. Calculations show that, in 1963, in the latitude 
band from 20 to 70° N, the average amount of 90 Sr that had accumulated was about 
1.48 GBq/ktrr (40 mCi/km 2 ). 

The contamination characteristics for several countries (average, minimum and maxi¬ 
mum levels) are shown in Table 3.5 (Pavlotskaya et al., 1970). The average levels of conta¬ 
mination differ dramatically even for neighboring countries such as Denmark and Poland. 
Overall, the irregularity and spottiness of the contamination are typical features of global 
fallout. 

Data on global contamination by l37 Cs are less available than for 90 Sr (except in the 
former USSR where airborne gamma-surveys were carried out for l37 Cs over the entire 
territory (Boltneva et al., 1977)). We believe that the most reliable way to estimate l37 Cs 
contamination is to use measurements of the activity ratio between 90 Sr and l 37 Cs. Thus, 
for example, the average data on l 37 Cs contamination levels and its relationship to 90 Sr for 
the former USSR territory during the period 1963-1969 were: 


Year 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

l37 Cs (GBq/km 2 p 

3.18 

3.59 

4.00 

3.22 

3.11 

3.11 

3.18 

l 37 Cs/ 90 Sr 

1.95 

1.73 

1.93 

1.64 

1.91 

1.95 

2.0 


- I GBq/km 2 % 27 mCi/km 2 . 
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Table 3.5 

The ^ (l Sr burden (mCi/krrr) in different countries in 1963 


Country 


Density of contamination^ 



Average 

Minimum 

Maximum 

Denmark 

40.6 

Northern Hemisphere 

26.0 

48.0 

Canada 

37.4 

15.9 

62.5 

Norway 

33.8 

18.0 

51.8 

Poland (1964) 

27.1 

20.0 

40.0 

USSR 

44 

9.6 

67.2* 

30-40° N 

50 

- 

- 

40-50 

45 

- 

- 

50-60 

44 

- 

- 

60-70 

35 

- 

- 

Alaska 

47.6 

12.4 

73.4 

Hawaiian Islands 

15.8 

8.2 

23.0 

France 

27.4 

22.3 

31.3 

Japan 

49.7 

48.8 

50.8 

Australia 

6.2 

Southern Hemisphere 

3.4 

12.0 

New Zealand 

11.6 

6.4 

16.9 

Chile 

3.2 

0.5 

4.5 


1 mCi/km 2 = 37 MBq/km 2 . 

* According to the data of Boltneva et al. (1977), maximal values reach 175 and larger. 


For the first few years after 1963, the ratio l37 Cs/ 90 Sr changed from 1.65 to 2.0 
(USA and Europe included). The average value for the ratio was 1.85. Variations in 
the 137 Cs/ 90 Sr ratio are mainly caused by fluctuations of these nuclides in fallout and 
by different removal rates from upper soil horizons. The effect of these factors can be 
seen in the data for different latitude zones of the former USSR (Pavlotskaya, 1970): 


Latitude (° N) 

l37 Cs (GBq/km 2 )* 

l37 Cs/ 90 Sr 

30-40 

3.51 

1.9 

40-50 

3.51 

2.1 

50-60 

3.44 

1.7 

60-70 

2.22 

1.9 

Average 

3.18 

1.95 


*1 GBq/km 2 «= 27 mCi/km 2 . 

Based on the above data, we believe that a relatively satisfactory estimate of global 
contamination of the earth's surface by l37 Cs can be obtained from a map of the 90 Sr 
distribution. For the latitude band 20 to 70° N, the average accumulation of 90 Sr was 
estimated in 1963 to be 40 mCi/km 2 (1.48 GBq/km 2 ). Using 1.85 as the mean value 
of the ratio l37 Cs/ 90 Sr, we obtain an estimate of 74 mCi/km 2 (2.74 MBq/km 2 ) for the 
Ll7 Cs inventory within this zone. As noted above, detailed monitoring information on the 
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actual distribution of the global fallout of 137 Cs is available only for the former USSR 
where detailed aerial gamma-surveys were carried out at the end of the 1960s (Boltneva 
et al., 1977). Procedures used to cany out such surveys and the methods employed in 
the interpretation of the results are presented in Boltneva et al. (1977) and in Kogan et 
al. (1969). Distances between survey transects averaged about 50 km, reaching 100 km in 
some cases. Along the routes, the average concentrations of radionuclides were determined 
usually over distances of about 10 km length. The flight altitude was 25-30 m and 
hence the readings obtained characterized an under-lying band of 100-200 m width, with 
an area of about 1 km 2 . The reproducibility of the determination of 137 Cs deposition, 
taking navigational uncertainty into account, was not worse than 10%. At a level of 
contamination of about 100 mCi/km 2 , i.e., 3.7 GBq/krn 2 , the accuracy of the l37 Cs estimate 
was approximately 20%. 

Figure 3.6 presents a map, for the end of the 1960s, of the contamination of the former 
USSR by global fallout from nuclear explosions. The contamination levels fall mainly 
within the range 50-175 mCi/km 2 (1.85 to 6.48 GBq/km 2 ) with an average accumulation 
of l37 Cs of 90 mCi/km 2 (3.33 GBq/km 2 ) (Boltneva et al., 1977). A number of regularities 
in the spatial distribution of the l37 Cs contamination were found, i.e., that geographical 
conditions (landscape) and climate influenced the distribution. This is visible in the data: 

1. Contamination levels are closely related to precipitation. Comparison of a map 
of contamination with that of precipitation shows the isoline patterns to be very similar. 
A zone of maximum contamination occurs in northerly parts of the European USSR 
territory with a l37 Cs level of 150-175 mCi/km 2 (5.55-6.48 GBq/km 2 ) corresponding to 
zones of precipitation of up to 600-700 mm/yr. Reduction of the l 37 Cs levels to the north 
of this zone to 50-75 mCi/knr (2.78-3.23 GBq/km 2 ) is connected to a decrease in annual 
precipitation, near the Barents Sea, down to 300 mm. A band of low 137 Cs contamination 
of 50-75 mCi/knr (2.78-3.23 GBq/km 2 ) spreads along the southern boundary of the 
survey. This is the zone of deserts and semi-deserts of Kazakhstan where the precipitation 
is ~ 100-200 mm/yr together with a dry zone near the Black Sea with annual precipitation 
less than 400 mm. 

2. Contamination levels increase with proximity to the mountains: the Carpathians, 
the Crimea, the Caucasus, Tien Shan, the Urals, Sayan and East Siberia. Zones of increased 
moisture levels coincide with these mountain systems and the piedmont areas. 

3. Generally, the latitudinal zonality is a common characteristic of the contamination 
levels. Actually, all local zones are stretched along a latitude. 

4. Attention is drawn to the rather complicated character of the l37 Cs contamina¬ 
tion patterns within a region, with the existence of numerous local zones where the levels 
are very distinct from adjacent regions. To a certain degree, a similar spottiness can also be 
seen on the precipitation map. However, the spottiness is conditioned also by the landscape 
features. 

The distribution of the dose rate from the 1 l7 Cs y -radiation (at a height of 1 m) over the 
former USSR is shown in Fig. 3.7. When calculating the dose rate, it was assumed that, on 
virgin land sites, L,7 Cs decreased exponentially with depth. In 1972. the depth coefficient 
was 0.6 ± 0.2 cm 2 /g. Using this value of the coefficient, the dose rate P at a height of 
1 m was found to be related to l37 Cs inventory q , as follows: P (pR/hr) = 6.5 x 10~ 3 q 




Fig. 3.6. Distribution of the l37 Cs accumulated on USSR territory by the end of the 1960s. in mCi/km 2 (1 mCi/km 2 = 37 MBq/km 2 ). I — tundra and forest-tundra; 
II — coniferous forest; III — mixed forest; IV — forest-steppe and steppe; V — semi-desert; VI — desert. 
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Fig. 3.8. Graph of the logarithmic correlation of the fractionation factors for l40 Ba following atmospheric 
explosions. 

(mCi/km 2 ), which in SI units becomes approximately: P (nGy/hr) = 1.757 x 10~ 3 q 
(MBq/km 2 ). Because of fluctuations in the depth coefficient, variations in the dose rate 
amount to ±15%. 

There are certain differences between the maps of 137 Cs accumulation and dose-rate 
related mainly to the fact that on arable lands 137 Cs is transported to greater depths in the 
ploughed layer. Therefore, in regions of intensive agricultural development, the average 
dose level turns out to be smaller. The overall range of dose-rate levels is 0.10 to 1.24 pR/hr 
(s» 1-12 nGy/hr). 

With regard to tritium, by the beginning of 1964, it was estimated by Tetcher et al. (1965) 
that the total amount of tritium that had reached the earth’s surface as a result of nuclear 
explosions was 44-96 kg (approximately 15.5-34.0 EBq; 420-920 MCi). The stratospheric 
inventory at this time was estimated to be 124-172 kg and hence the total amount of tritium 
on the globe was ~ 168 kg (59.2 EBq; 1.6 GCi). 

We now present the characteristics of fractionation of different nuclides in global 
and long-distance fallout. The radionuclide compositions of particles of size 2.5-25 pm 
produced from atmospheric explosions (typical of semi-global fallout) and at time-periods 
of 9,42 and 145 days, were presented by Benson et al. (1965a). A graph from that paper, of 
the logarithmic correlation of l40 Ba fractionation (with respect to 89 Sr) for such particles, is 
shown in Fig. 3.8. In the same work, the conclusion is drawn that curves of the logarithmic 
correlation of particle fractionation for high-yield atmospheric explosions actually coincide 
with similar curves of /i 4 o ,89 and / 95,89 for explosions on coral surfaces and near-water 
explosions. Values of ^ for radioactive particles of global fallout collected in Japan in 
1961-1962 are presented in papers by Mamuro et al. (1963b, 1965a). For particles of size 



Radionuclide Composition of Radioactive Fallout 


111 


~10 pm, the values of /io 3,95 are close to zero (with respect to the refractory nuclide 9:1 Zr), 
i.e., i 03 Ru is actually absent in such particles. Values of /( 141 + 144).95 are within the range 
0.25-0.7, in good agreement with the data of Edvardson et al. (1959) for particles collected 
in 1957-1958 over Sweden. They do not contradict the results obtained by Gaziev et al. 
(1965) for particles collected in the Moscow suburbs in autumn 1962. 

It is interesting that, for smaller particles, the values of /i 03,95 apparently increase. So, 
for the dust probes taken over Japan in 1961-1962 that contained particles containing very 
fine size fractions, the /io 3,95 values were in the range 0.45-0.55, with one value of 0.95; 
values of /(i 4 i + i 44),95 reached 0.85-1.0 while, for / 237 , 9 s and / 239 , 9 s, they were equal 
to 1.0 (Mamuro et al., 1963b; 1965a). The values of / 140 , 9 s for individual particles were 
0.02-0.12; for 239 Np, they were within the range 0.05-0.35, while, for 237 U, they were in 
the range 0-0.45. 

For 43 particles collected in Japan in September 1962, the fractionation coefficients were 
as follows (with respect to refractory nuclides): 

Nuclide 90 Sr 89 Sr ,4, Ce+ l44 Ce 103 Ru 

Fractionation factor 0.35-0.40 0.006-0.01 0.15-0.30 <5C 0.1 

(the first figures correspond to data from a group of more active particles). Particles with 
sizes up to 20 pm were found in fallout in Japan (Mamuro et al., 1965a). 

Because the time of transfer of fallout from the stratosphere is relatively long, its 
radionuclide composition is determined largely by the content of relatively long-lived 
species. The half-life for the removal of aerosol products from the stratosphere, after the 
1961-1962 test series in the northern hemisphere, was from several months to a year, while 
the half-life for the removal of products from the upper atmosphere above 21 km was 
several years (Friedlander et al., 1968). Thus we find that it is the nuclides 90 Sr, ]37 Cs, 
144 Ce, 95 Zr + 95 Nb that are present in global fallout together with 54 Mn and some other 
“tracer” products (for instance, l09 Cd, 113m Cd and l02 Rh (Kalkstein et al., 1965)). 

Plot particles of size about 10 pm are at the upper limit of the particle size distribution 
and are removed faster. Global fallout arose mainly from atmospheric explosions and hence 
there was never any well-pronounced inverse fractionation in particles of this type of fallout 
(for the reasons explained in Chapter 1). In global fallout, it is also found that the sizes of 
particles in which l37 Cs predominates are smaller than those in which 144 Ce is bound. 
Coarsely-dispersed fractions of the aerosol are also enriched in 9S Zr + 9;, Nb and l85 W, 
while the highly dispersed ones are enriched in 90 Sr and others. This results in different 
removal rates from the atmosphere for different radionuclides (Gaziev et al., 1965). 

3.2. Long-Distance Fallout 

During a period of intense nuclear testing, it is rather difficult to follow the long-distance 
fallout pattern, extending over thousands of kilometers from an individual explosion, 
because the ensuing patterns from many explosions are superimposed on one another 
over these great distances. Flowever, after 1963, it was possible to follow the distant but 
distinctive fallout patterns from certain individual underground nuclear explosions that 
released debris to the atmosphere. Such patterns are described in the work of Krey and 
Freid (1965), Kalkstein et al. (1965) and Izrael (1971). 
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Of particular interest was the “Schooner” underground nuclear explosion detonated in 
1968 at the Nevada test site in the USA. After this explosion, the fallout could be traced 
across the Atlantic, into Western Europe and then into the USSR (Izrael et al., 1970b). 
A unique feature of this explosion was the presence in the fallout of the relatively short¬ 
lived radionuclides 181 W and 1 s? W. Several years earlier, a series of powerful type-one test 
explosions was performed in autumn 1961 at the Novaya Zemlya test site in an attempt to 
measure unique fallout patterns at great distance. These tests proved to be extremely im¬ 
portant. Both geometrically and geographically, these fallout patterns at several thousands 
of kilometers away from the test site retained the features of the close-in patterns of fallout 
for high-altitude atmospheric explosions (for example, in the distributions of maximum 
contamination). These explosions were high-yield (up to tens of megatons) and were per¬ 
formed at relatively high altitude (3-5 km). However, their fallout patterns were similar to 
the close-in pattern for high air explosions but on a much larger scale. The fallout patterns 
had fairly clear boundaries, and no significant fractionation of the ruthenium isotopes with 
respect to 95 Zr + 9? Nb was observed. Below we describe, in more detail, the results of the 
investigations carried out on these patterns from this 1961 series (Izrael at al„ 1995). 

It is known (Dubasov et ah, 2000) that explosions performed at this test site were 
mainly high-yield high-altitude nuclear explosions in the atmosphere and, at a later time, 
underground nuclear blasts. And, though the high altitude explosions (at a height of 3- 
5 km) did not result in large-scale local contamination of the land around the test site 
(cf. the contamination at the Semipalatinsk Test Site), they could cause radioactive fallout, 
low in intensity, over rather vast territories outside the boundaries of the test site because 
of the displacement of the contamination maxima along the axes of the fallout pattern in 
the case of high altitude, high-yield explosions. Below are the actual data on radioactive 
contamination of the former USSR after the autumn (1961) series of high-yield tests 
at Novaya Zemlya. In this series, more than 10 nuclear devices in the megaton range 
(Dubasov et al., 2000) were exploded and, on 23 and 30 October 1961, some of the highest 
yield devices ever tested in the world, viz. 25 and 55-60 Mt (Dubasov et al., 1994), larger 
than 10and50Mt(Machtaetal., 1962), and 50 Mt (Mikhailov, 1996) were exploded there. 
Radioactive clouds from all of these explosions rose to great altitudes, traveling mainly in 
a southeasterly direction toward continental USSR. 

A survey of the USSR territory, aimed at determination of the limits and degrees of 
contamination caused by the radioactive fallout products of these explosions, was carried 
out in April 1962 during the course of the special expedition organized by the author with 
colleagues from the Institute of Applied Physics (Izrael et al., 1995). The IL-14 (Iljushin- 
14) aircraft used for this survey was equipped with instrumentation for the onboard 
performance of continuous gamma-surveys of the terrain together with measurements of 
the gamma-radiation spectrum. The sensitivity of this instrumentation permitted changes of 
0.3-0.5 pR/hr (% 3-5 nGy/hr) in the gamma-field level to be measured at the flight altitude 
of 100 m. Since the gamma-field from the explosion products could at times during this 
survey be lower than the sensitivity threshold of the gamma-survey system, a sample of the 
deposited radioactivity was always taken, for calibration, at the points where the aircraft 
landed (if it were snow, a sample of the complete thickness of the covering was taken). The 
amount of detail in the survey obviously depended on the degree of sampling that was, in 
turn, determined by the spacing of the aerodrome network. For the territory surveyed, all 
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available airports used as landing sites were also used for sample collection (there being 
relatively few suitable, at this time of year, for the landing of aircraft such as the IL-14). 
The snow probes were taken at 21 points, each from an area of (2 x 2) m 2 over the whole 
depth of the snow cover (see Table 3.6 and Fig. 3.8). 

Fallout after the explosions performed in October 1961 was observed over a significant 
part of the Soviet Union during the period after the stable snow cover was formed, which, 
as a rule, remains until the end of April-May (Flydrometeoizdat., 1960) (see Table 3.6). To 
ensure that we sampled only the fallout from the explosions that we were interested in, i.e., 
without any admixture of fragments from explosions of previous years, we took samples 
only in those regions where the snow cover could not melt. The samples were analyzed in 
the laboratory after the survey was over. 

The survey was carried from 5 to 15 April, 1962 and covered the territory of the USSR 
from approximately 38 to 130° E longitude and from 52 to 74° N latitude. 

Analyses of the liquid samples were carried out from 20 to 25 May 1962 using a 
Nal (Tl) gamma-scintillation spectrometer. The spectrometer was calibrated using a l37 Cs 
aqueous solution while the background was determined when the counting vial was filled 
with distilled water. The geometry was controlled during both the calibration and the 
measurements with a primary standard. Two peaks in the region of energies 0.5 and 
0.75 MeV were evident in the spectra. We would emphasize that, on the whole, no 
peak corresponding to l37 Cs was found in the samples and therefore there was no strong 
enrichment of this radionuclide in these samples. 

At the time of sample measurement (May 25, 1962), approximately 200 days after the 
explosion, the principle gamma-emitters in the mixture were 95 Zr + 95 Nb (0.756; 0.724 
and 0.764 MeV) and 103 Ru (0.495 MeV). More than 80% of the total gamma-activity of the 
mixture is composed of these two radionuclides (see Fig. 1.7). The activities of the given 
nuclides were calculated from the areas of the peaks and then estimates were made of the 
density of the contamination at the sites where the snow samples were taken. If the site 
was “representative”, i.e., the density of contamination was typical of a large surrounding 
area, then an average density for the surface contamination around the sampling site was 
determined. The accuracy of the approach is determined by the accuracy of the sample 
analysis as well as by the representativeness of the sampling site. Errors in analysis were 
less than 20%, while sampling errors, estimated by statistical means, are believed to be 
better than 30%. 

A map of contamination constructed from the data of Table 3.6 is presented in Fig. 3.9. 
Isolines of the density of contamination by 95 Zr + 95 Nb (250, 200, 150, 100 and 
50 mCi/km 2 (9.25,7.40, 5.55, 3.70 and 1.85 GBq/km 2 )) for the time of the measurements, 
i.e., end of May 1962, are drawn schematically on the map. When analyzing the map, 
one can conclude that there are two separate regions of contamination and that each of 
these has a different fallout pattern. One pattern is to the south, while the other has a 
southeasterly extension. At the end of May 1962, the maximum values for contamination 
by 1,2 Zr + 95 Nb were revealed to be (i) ~ 210 mCi/km 2 (~ 7.77 GBq/km 2 ) (at Vorkuta) in 
the southerly pattern and (ii) ~ 300 mCi/km 2 (~ 11.1 GBq/km 2 ) in the south-east sector 
(at Volochanka and Taimyr). A comparison of the areas of the two peaks in each spectrum 
allows a calculation of the activity ratio of 95 Zr + 95 Nb to l(, , Ru to be made and the average 
ratio is 4.8. 



Table 3.6 


Sampling locations and dates 


Sample No. 

Location of 
sampling 

Coordinates 


Date 


Activity (Ci/km 2 )* 

North 

latitude 

East 

longitude 

Formation of 
stable snow cover 

Early snow 
disappearance 

Sampling 

95 Zr + 95 Nb 103 Ru 

1 

Cherepovets 

59°08' 

37°55' 

21 November 

1 April 

5 April 

0.055 

2 

Syktyvkar 

61°40' 

50°50' 

1 November 

11 April 

5 April 

0.08 0.01165 

3 

Vorkuta 

67°02' 

64°02' 

11 October 

21 May 

6 April 

0.21 0.045 

4 

Amderma 

69°46' 

61°40' 

21 October 

24 May 

6 April 

0.078 

5 

Dikson 

73°31' 

80° 30' 

1 October 

June 

6 April 

0.047 

6 

Tareya 

73° 16' 

90°08' 

21 September 

21 May 

7 April 

0.13 0.0325 

7 

Khatanga 

71°57' 

102° 28' 

6 October 

21 May 

7 April 

0.104 

8 

M. Kosisty 

73°40' 

109°45' 

1 October 

21 May 

7 April 

0.05 0.007 

9 

Tiksi 

71°38' 

128°50' 

21 September 

25 May 

8 April 

0.042 0.0084 

10 

Zhigansk 

66° 46' 

123°20' 

1 October 

11 May 

8 April 

0.138 0.036 

11 

Yakutsk 

62° 02' 

129°45' 

11 October 

1 May 

8 April 

0.037 

12 

Olekminsk 

60°23' 

120° 26' 

11 October 

21 April 

9 April 

0.152 0.035 

13 

Kirensk 

57°47' 

108°08' 

11 October 

11 April 

9 April 

0.048 0.0106 

14 

Irkutsk 

52° 17' 

104° 19' 

1 November 

1 April 

10 April 

0.020 

15 

Eniseisk 

58°27' 

92° 12' 

21 October 

15 April 

11 April 

0.078 

16 

Podkamennaya 

61°36' 

90°06' 

11 October 

21 April 

12 April 

0.069 


Tunguska 







17 

Turukhansk 

65°48' 

87°57' 

1 October 

10 May 

12 April 

0.034 

18 

Dudinka 

69°24' 

86° 12' 

21 September 

16 May 

12 April 

0.040 0.023 

19-25 

Volochanka 

70°58' 

94°35' 

21 September 

21 May 

12 April 

0.297 


(in layers) 






(sum over layers) 

26 

Norilsk 

69° 18' 

88°02' 

21 September 

16 May 

13 April 

0.018 

27 

M. Kamenny 

68° 26' 

73°35' 

11 October 

21 May 

13 April 

0.095 


1 Ci/km 2 = 37 GBq/km 2 . 
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Fig. 3.9. Distant fallout patterns from a series of powerful atmospheric nuclear explosions conducted in 1961 (survey of 1962). 
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At the time of measurement, the total density of contamination exceeded that by 
95 Zr + 95 Nb by a factor of 3-3.5 (Grechushkina, 1964). The calculation shows that, for a 
95 Zr + 95 Nb contamination density of 0.3 Ci/km 2 (11.1 GBq/km 2 ), the y -radiation dose 
rate of at a height of 100 nt, without considering screening by snow, amounted to 0.9 pR/hr 

9 nGy/hr). The snow cover reduced this level several times (by not less than three times 
in regions with the highest contamination). Thus, 6 months after the explosion, the gamma- 
field from the contamination at the height of flight was 0.3 pR/hr (% 3 nGy/hr). This level is 
such that it could not be measured confidently using the aircraft instruments at our disposal 
because of the fluctuations in background gamma-radiation that occur naturally. 

Calculations made by the method of Izrael and Stukin (1967), for 1 day after the 
explosion, indicate that the gamma radiation levels amounted to 1.5-1.8 mR/hr (s» 15- 
18 pGy/hr) in the zone of maximum contamination at the earth’s surface. 

In the 1962 report, synoptic maps relating to the dates of the largest explosions (23 
and 30 October 1961) and the subsequent days were examined. Average values of the 
wind velocity and direction in the layer from the earth’s surface to an altitude of 16 km 
were calculated for that period. These data are plotted in Fig. 3.9. The agreement of both 
fallout patterns with the meteorological conditions during the period of their formation is 
very clear. This allows us to postulate that the radioactive patterns were most probably 
generated from these very high-yield nuclear explosions in October 1961. Here again, 
however, the proviso must be added that other explosions in the autumn of 1961 could have 
influenced the contamination of this area and so further analysis is required. Nevertheless, 
this determination of contamination density, by means of the analyses of snow samples, 
turns out to have been the only way to determine the order of the contamination levels 
and the resulting external doses over such a large area after the series of weapons tests 
conducted at the NovayaZemlya Test Site in autumn 1961. 

In summary then, on the basis of the above survey carried out in April 1962, it was 
possible to distinguish at least two vast zones of radioactive contamination, the first in the 
west from the Urals (southwards) and the second on the Taimyr and in Central Siberia 
(directed toward the south-east). Both zones had areas of maximum contamination that 
were still evident far from the epicenters of the explosions. 

In April 1962, the maximum contamination of lands over the continental territory of the 
Soviet Union as a result of the autumn 1961 test series (maximum estimates) amounted to: 

Total activity Up to 1000 mCi/km 2 (37 GBq/km 2 ) 

95 Zr + 95 Nb 300 mCi/km 2 (11.1 GBq/km 2 ) 
l03 Ru 55 mCi/km 2 (2.0 GBq/km 2 ) 

The dose from the external gamma-radiation (ignoring screening by the snow cover) at 
the point of the maximum contamination (from the fallout time of about 1 day after the 
explosion until complete decay) amounted to about 0.2-0.3 R (% 2-3 mGy), in Zhigansk 
0.1-0.15 R (~ 1-1.5 mGy) and less than 0.1 R (1.0 mGy) in Yakutsk. 

Within the same context of long-distance fallout, we can examine the radioactive fallout 
that occurred after the explosion at Bikini Atoll (USA) and which spread over hundreds 
and thousands of kilometers in the Pacific Ocean (IAEA, 1998c). 

In much the same manner as in ground explosions, in situations following an 
underground explosion where partial ejection into the atmosphere takes place, “inverse” 
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Table 3.7 

Relative contents of nuclides (percentages) in a distant zone of the explosion cloud 


Nuclide 

Calculated 

Air samples 

Fallout samples 

« 9 Sr 

40 

43 

18 

9° Sr ( + 9<>Y) 

0.35 

0.25 

0.2 

95 Zr 

- 

0 

0 

91 y 

- 

3.4 

2.8 

>“Ru 

- 

4.0 

2.9 

106 r u 

- 

0.9 

0.8 

l37 Cs 

0.3 

0.8 

0.45 

l40 Ba 

24 

24 

33 

l4H La 

28 

24 

33 

141 Ce 

- 

0 

4.9 

144 Ce 

- 

0 

0.8 

99 Mo 

- 

0.4 

1.0 


fractionation is observed in the distant fallout. This is unlike the situation after purely 
atmospheric explosions. It was shown by Bonner and Miskel (1965) that, in the cloud from 
an underground nuclear explosion, the coefficients of enrichment of the volatile nuclides 
(with respect to l40 Ba) reach fairly high values. On the basis that those products still present 
in the cloud several hours after an explosion will become part of distant fallout (up to 
several thousand kilometers from the explosion site), estimates have been made of the 
radionuclide composition of this category of fallout (Izrael. 1968). In this case, a fraction 
of the ith nuclide in distant fallout will be 

Cl; C; 


where a, is the fraction of the ith nuclide in the non-fractionated mixture of explosion 
products; c; is the coefficient of enrichment of the / th nuclide. Values of a obtained in 
this way (Izrael, 1968) are in good agreement with the experimental values (see Table 3.7). 

In Table 3.7, data are presented on the nuclide composition of the products collected on 
air filter samples with other results from the “Sedan"’ fallout collected at distances of about 
1000 km from the explosion site. These were taken from the work of Krey and Freid (1968) 
and relate to five stations, are averaged over seven samples and are corrected to 15 days 
after the explosion when only the products outlined in the table remained in the mixture. 

It is seen in Table 3.7 that X9 Sr and l40 Ba constitute the main portion of the activity in the 
distant fallout 5-15 days after the explosion. For external exposure, the main contributors 
to dose to the population living in the distant fallout zone will be l40 Ba ( l40 La) and l37 Cs, 
while for internal dose 89 Sr and especially 90 Sr will be the main contributors. 

Table 3.7 shows also that the nuclide composition of the air samples does not completely 
agree with that of the fallout samples. This occurs because of the differing fractionation of 
the nuclides in particles of different sizes occurring in both dry and wet fallout. As this 
takes place, the effect can be slightly different in dry and wet fallout because the washout 
efficiencies of particles of different sizes in the atmosphere differ between precipitation 
and dry fallout. 
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Table 3.8 

Tritium fallout from the “Chagan 1004” explosion (1965) 


Distance from the 
explosion site (km) 

Period of precipitation 
collection 

Tritium concentration in 
the precipitation (TU) 

Tritium fallout 
(mCi/km 2 ) 

200 

D + 2 to D + 
(12 days) 

14 

29 000 ± 1500 

945 

450 

D + 1 to D + 
(12 days) 

13 

8400 ± 1200 

500 

500 

D + 10 
(1 day) 


11 500 ±1200 

90 

500* 

D + 10 
(1 day) 


10 500 ±200 

82 

500 + 

D ± 2 to D + 
(11 days) 

13 

5300 ±1000 

42 

500 

D + 3 to D + 
(7 days) 

10 

3600 ±1000 

60 

550 

D ± 6 to D ± 
(8 days) 

14 

8800 ±1250 

240 

1800 

D ± 5 
(1 day) 


12 900 ±1500 

20 

3300 

D + 3 to D + 
(7 days) 

10 

4700 ± 1000 

45 

550+ 

Period of explosion 

2000 ±1000 

14 

4000* 

The same 


1000 ± 1000 

10 


‘Second sample. 

' Third sample. 

‘Background samples taken outside the fallout zone. 

1 mCi/km" = 37 MBq/km 2 . 

3.3. Tritium Fallout in a Distant Fallout Zone 

Tritium concentration variations at large distances from an explosion site constitute 
another important feature of considerations of distant global fallout. The mechanism of 
tritium fallout onto the earth’s surface in global fallout is still not well studied. We may 
assume, however, that when precipitation occurs, the tritium fallout in a distant zone is 
not markedly different from the fallout of other volatile nuclides in the nuclear explosion 
products (e.g., 89 Sr and 90 Sr, l37 Cs, 140 Ba, etc.). It is known that when fallout occurs with 
precipitation (wet fallout), it results in a greater radioactive contamination of the earth’s 
surface relative to dry fallout. 

Tritium fallout in precipitation in a distant fallout zone was examined after the Chagan, 
1004 underground cratering explosion. The data are presented in Table 3.8 (Izrael, 1971) 
where it should be noted that not all samples correspond to the axial position in the 
fallout pattern. Levels of tritium contamination did not exceed 1 Ci/km 2 (37 GBq/km 2 ) 
at distances exceeding 200 km from the explosion site. If we consider all possible ways by 
which tritium can enter an organism, then in this case the maximum exposure dose to the 
population did not exceed 1.5 mrad/yr (~ 15 pSv/yr) at 1 Ci/km 2 (37 GBq/km 2 ). 
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In underground nuclear explosions where there is an ejection of surrounding materials into 
the atmosphere (a cratering explosion), some of the radioactive products that are formed 
are carried upwards with the rocks and then returned to the crater or the immediate vicinity 
through gravitational settling. A fraction associated with the relatively small ground 
particles can be transported by the wind over large distances away from the explosion site. 
When the products are spread in the atmosphere and precipitate or settle out, a number of 
“activity zones” and other features can be recognized (Izrael. 1974) as follows: 

(i) in the atmosphere: 

(a) the radioactive cloud contains radioactive particles with a rather wide range 
of sizes and gaseous radioactive products; its height can range from several 
hundred meters to several kilometers according to the explosion yield and it can 
spread over great distances; 

(b) the base surge cloud rises to altitudes that are significantly lower than the cloud 
(i.e., up to 100-1000 m); 

(ii) on the surrounding land: 

(a) the crater zone (several tens or hundreds of meters for an explosion of 1-100 kt 
yield) and the ground around the crater (up to a radius of 1 km); 

(b) the close-in fallout zone formed by the fallout of the largest particles from the 
cloud and base surge; this near-zone is limited to the first few hours (5-10 hr) 
of fallout from the radioactive cloud and the base surge; 

(c) the long-distance fallout zone that occurs after the close-in fallout and then lasts 
for several days after the explosion. 


1 19 
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1. Characteristics of Major Cratering Explosions 

Investigations of these zones were carried out on tests performed in both the Soviet 
Union and the United States of America (more than ten explosions). All explosions 
performed in the USSR were designed to study the peaceful uses of underground nuclear 
explosions. 

I. High- or Medium-Yield Explosions 

1. The “Chagan 1004” borehole test of January 15, 1965 in USSR had a yield of 100- 
150 kt and was carried out in aqueous sandstone mixed with coal-clay shale at a depth of 
175 m. The loss of groundmass through fusion amounted to 7%. The crater formed as a 
result of the blast had a diameter on the surface of 400-430 m, a depth of about 100 m and 
a volume greater than 6 x 10 6 m 3 that was afterwards filled with water. A cloud, together 
with the base surge, rose from the explosion (Kedrovsky, 1970; Mikhailov, 1996). 

2. The “Sedan” explosion (July 6, 1962; USA) of about 100 kt yield was carried out at a 
depth of 193 m in alluvial deposits. A crater was formed after the explosion, approximately 
400 m in diameter and about 100 m in depth. A cloud and a powerful base surge were also 
formed at the explosion (Toman, 1970). 

3. “Schooner” (December 8, 1968; USA) had a 35 kt yield and was performed at a depth 
of 108 m in tuff formations: the first layer of the tuff was composed of dry rocks, the second 
of porous rocks with a water content of 8-10%; the third contained up to 20-38% of water 
and the fourth layer was similar to the first. A cloud and powerful base surge were formed 
at the explosion. The volume of the crater was 1.74 x 10 6 m 3 ; its diameter was 130 m and 
its depth 63.4 m. Ground rubble that accumulated around the crater had a height of 13.4 m 
(Toman, 1970). 

II. Low-Yield Explosions 

4. The “Cabriolet” explosion (January 26, 1968; USA), with a 2.3 kt yield, was 
performed at a depth of 52 m in a stratified rhyolite. The crater formed by the explosion 
had a volume of 137 x 10 3 m 3 , a radius of 55 m and a depth of 36 m. The height of the 
rubble ridge was 9.4 m (Toman, 1970). 

5. The “Sary-Uzen” explosion (borehole 1003; October 14, 1965; USSR) was of 1.1 kt 
yield and was performed at a depth of 48 m in fractured sandstone. The amount of rock 
lost due to melting and evaporation was ~5.4%, while the moisture content was 0.8% by 
mass. A crater with a diameter of 110 m was formed, its maximum depth reaching 31 m 
(Izrael et al., 1970b). 

6. The “Danny-Boy” explosion (March 5, 1962; USA), of 0.42 kt yield, was carried out 
at a depth of 33.5 m in dry basalt. A crater 19 m deep of 33 m radius was formed. The 
crater volume amounted to 27.5 x 10 3 m 3 (Toman, 1970; Nordyke and Wray, 1964). 
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In the case of the low-yield explosions (4 and 5), no noticeable separation of the cloud 
and the base surge was observed and with “Danny-Boy” no cloud was formed. 

III. Explosions of Very Low Yield 

7. The “Telkem-1” explosion (borehole T-I; October 21, 1968; USSR) had a yield of 
0.24 kt and was performed at a depth of 31.4 m in a sandstone that contained large amounts 
of organic compounds. The loss of material through melting, etc. was 13%. The crater, 
21 m in depth, had a diameter of 70 m. The height of the ground rubble crest reached 
8-10 m (Mikhailov, 1996). 

8. The “Sulky” Explosion (USA, 1964) of 0.088 kt yield was performed at a depth of 

27.4 m in dry basalt. No crater appeared but a hill of broken rock, with a height of 6.3 m, 
was formed at the site (Toman, 1970). 

Except for dust formation, no distinctive cloud or base surge was observed for these very 
low-yield explosions. 

IV. Group Explosions 

9. The “Buggy” explosion (March 12, 1968; USA) consisted of five charges, each of 
1.1 kt yield, arranged in a horizontal line. The test was performed at a depth of 41.2 m in 
stratified basalt. It resulted in the formation of a hollow trench 260.6 m long. 19.8 m deep 
and 77.4 m wide, with a relatively even base. The ground rubble had a maximum height of 

12.4 m at the sides and 4.37 m at the ends of the trench (Toman, 1970). 

10. The “Telkem-2” explosion (borehole T-1I; November 12, 1968; USSR) consisted 
of a simultaneous explosion of three charges each of 0.24 kt placed on the same line 
at a distance of 1.3 m between charges. The yield and depth for each was similar and 
corresponded to the characteristics of the “Telkem-1” explosion (item 7 above). The gas- 
content of the rocks (aleurolite, porphyrite, gritstone) amounted to only 3%. A trench 20 m 
deep, 142 m long and 64 m wide was formed after the explosion with the rubble height 
reaching 18 m on its sides and 6-7 m at the ends (Mikhailov, 1996). 

11. The “Taiga” explosion (“Kanal”; March 23, 1971; USSR) was carried out at a depth 
of 128 m, using three equal charges of 15 kt yield; a channel profile, i.e., a trench, was 
formed as a result of the explosion. 

Table 4.1 presents a summary of the basic data for the above explosions. We should 
also mention two other explosions, data for which were published later by Dubasov and 
Takhuvatulin (2000) and Myasnikov et al. (2000) and Adushkin and Spivak (2000). One of 
these, “Lasurite”, of ~2 kt yield, was detonated on December 7, 1974 in the USSR at the 
Semipalatinsk Test Site in borehole P-1 at a depth of 75 m. With this explosion, because 
of the presence of a ground fault along the mountain slope, a dam-like ridge resulted 
and a release of radioactivity was recorded. The second explosion, “Crystal” (included 



Table 4.1 

Basic data on experimental cratering nuclear explosions. From US Department of Energy (1994); Mikhailov (1996); Izrael et al. (1970a) & (1970b); Kedrovsky (1970); 
Toman (1970) 


No. 

Explosion name 

Country 

Date 

D/M/Y 

Yield (kt) 

Explosion 
depth (m) 

Scaled depth 
(m/kt l/3 - 4 ) 

Height of 
cloud or dust 
formation (m) 

Amount of substance 
precipitated (t) 
(from energy release) 

Amount of 

radioactivity precipitated 
on pattern (%) 






1. High- or medium-yield 




1 

Chagan, 1004 

USSR 

15/01/65 

140 

175 

41 

4800 


20 

2 

Sedan 

USA 

06/07/62 

100 

193 

50 

3600-4200 

1200-1400 

4-17 

3 

Schooner 

USA 

08/12/68 

35 

108 

39 

4000 

340 







11. Low-yield 




4 

Cabriolet 

USA 

26/01/68 

2.3 

52 

41 

120 

7 


5 

Sary-Uzen, 1003 

USSR 

14/10/65 

1.1 

48 

48 

300 

35 

3.5 

6 

Danny Boy 

USA 

05/03/62 

0.42 

33.5 

43.2 

300 

17-30 

4-7 

7 

Crystal 

USSR 

02/10/74 

1.7 

98 

85 



~I.O 






III. Very low-yield 




8 

Telkem-1, 2308 

USSR 

21/10/68 

0.24 

31.4 

51 

200 

0.4 

0.2 

9 

Sulky 

USA 

18/12/64 

0.088 

27.4 

56 

- 

- 

- 






IV. Group explosions 




10 

Buggy (A, B, C, D, E) 

USA 

12/03/68 

1.1 x 5 

41.2 

41.2 

660 



11 

Telkem-2 (2305-2307) 

USSR 

12/11/68 

0.24 x 3 

31.4 

51 

450 

1.8 

0.3 

12 

Taiga/Kanal (IB, 2B. 3B) 

USSR 

23/03/71 

15 x 3 

128 

39.4 
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in Table 4.1) was performed on October 2, 1974 in the USSR at Yakutia, located 90 km 
NE of Aikhal. The depth of the test was 98 m and its yield was 1.7 kt. The heavy loosened 
rocks from this explosion created a dam and a tailing pond at the site. 

We should note here two nuclear explosions which were carried out in rather deep 
boreholes but, due to emergencies, partial releases of the radioactive products into the 
atmosphere occurred. One of those was the “Kraton-3” explosion in Yakutia (24.08.1978); 
its yield was 22 kt performed at a depth of 577 m. The gases and aerosols escaped 
and formed a fallout pattern up to 31 km long (the calculated integral dose was 0.5 ber 
(~ 4.4 mSv)). The second was the “GIobus-L” explosion (Ivanovo region, 19.09.1971) of 
2.3 kt yield at a depth of 615 m. At 17 min after the explosion, a gas-water plume burst 
out through the borehole (Myasnikov et ah, 2000). 


2. Radioactive Cloud 

To understand the character of the radioactive fallout and its radionuclide composition, 
a brief description of its formation in an explosion is useful. As a rule, in a “cratering” 
explosion, a cloud is formed, the elevation of which depends on the yield and the scaled 
depth of the explosion as well as on the water content and the volatile products in the rocks. 
In the “Sedan” explosion, the cloud reached an altitude higher than 5 km (Krey and Freid, 
1965), while in the “Sary-Uzen 1003” explosion it reached only about 300 m (Kedrovsky et 
al„ 1970) and in “Danny-Boy”, carried out in dry basalt from which no cloud was formed, 
only a dust column was observed (Nordyke and Wray. 1964). 

Several hours after an explosion, the dose rate within the cloud can amount to ~1 R/hr 
(~ 10 mGy/hr), even when the explosion is small. Thus, at “Sary-Uzen 1003”, the radiation 
level reached 0.82 R/hr (%8.2 mGy/hr) 107 min after the explosion. The inventory of 
gamma-emitters contained within the cloud 15-70 min after the explosion amounted to 
approximately 1% of the original quantity (corrected for decay). 

A typical feature of an underground explosion is the initiation of a base surge whose 
radial propagation for some time after the explosion does not seem to be dependent on the 
meteorological conditions. In “Chagan 1004”, the base surge diameter actually reached a 
height of 500-750 m and had a diameter of 5000 m at 1.5 minutes. Further on, the cloud 
and the base surge propagate with the wind, being scattered by the action of horizontal 
turbulent diffusion, and, as a result, their horizontal dimensions increase. If the increase in 
height is small, then the y -radiation dose at ground level from a passing cloud D c \ can be 
significant and many times greater than the dose from the radiation that is deposited D pat . 
Thus, following the “Sary-Uzen 1003” explosion, the ratio D c \/ D pa t, increased outwards 
from the epicenter from a value of 0.5 to 24 at distances from 8 to 50 km, respectively. 
After “Telkem-1” and “Telkem-2”, this ratio ranged from 53-150 over a distance of 0.4- 
50 km. After “Sedan” and “Chagan 1004”, the clouds passed at great altitude and hence 
the y-radiation dose emanating from the cloud was significantly smaller compared to that 
on the ground (Izrael, 1974). 

Radioactive particles in the cloud are mainly irregular in form. The composition of the 
particles that are dispersed by the cloud changes with time. In several seconds after the 
“Sary-Uzen 1003” explosion, for example, the fraction of particles of diameter smaller 
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Table 4.2 

Coefficients of enrichment of different nuclides in the cloud and bulk ground after the “Sary-Uzen 1003” 
explosion (relative to 95 Zr) 


Time of sampling 
(after explosion) 

Location of sampling 
and distance 

144 Ce 

l4l Ce 

103 Ru 

131 1 

l40 Ba 

1 l7 Cs 

89 Sr 

3 s 

The dust column 

0.89 

1.07 

0.8 

0.96 

0.79 

0.25 

1.10 


above the epicenter 








1.5 hr 

The cloud, R = 70 km 

0.89 

4.9 

3.35 

0.175 

37.4 

34.8 

39.3 

- 

The bulk ground 

0.94 

1.6 

0.34 

0.42 

0.83 

0.226 

0.176 


Table 4.3 

Coefficients of enrichment of different nuclides in the cloud from the 

“Danny Boy" explosion (relative to 95 Zr) 

Nuclide 


Time of sampling (after the explosion) (min) 


8 

15 

47 

138 

89 Sr 

142 

196 

357 

377 

90 Sr 

90 

114 

200 

211 

91 Y 

32 

37 

64 

65 

137 Cs 

125 

177 

354 

377 

l40 Ba 

38 

45 

76 

78 

l41 Ce 

4.6 

4.7 

6.8 

5.5 

l44 Ce 

1.0 

1.0 

1.1 

1.9 


than 0.5 |am did not exceed 1%, with 80% of the total radioactivity on particles larger than 
10 pm. This distribution changed so rapidly that, after only 0.3 hr, approximately 90% of 
the radioactivity was held on particles smaller than 0.5 pm. The distribution of particles and 
their activity can be satisfactorily described by a normal logarithmic expression, the median 
diameter in the distribution being 2 pm at 0.3-0.4 hr after the “Sary-Uzen 1003” explosion. 

The nuclide composition of the aerosol samples taken after the “Sary-Uzen 1003” 
explosion was rather typical of the cloud as a whole. Table 4.2 presents analytical results 
for several typical samples taken from the dust column several seconds after the explosion 
and from the cloud as it moved away from the explosion’s epicenter to a distance of 70 km. 
Table 4.3 presents coefficients of enrichment for a number of nuclides in the cloud at 
different time-intervals after the “Danny-Boy” explosion (relative to the refractory nuclide 
95 Zr) (Bonner and Miskel, 1985). 

When analyzing the Table 4.2 data, one can see that the samples taken from the dust 
column several seconds after the explosion are depleted in volatile nuclides and those 
having volatile and gaseous precursors. 

Tables 4.2 and 4.3 show that samples taken from the cloud at several tens of minutes after 
an explosion are strongly enriched with radionuclides having gaseous precursors and that 
the coefficient of enrichment increases with time. Actually, the radioactive composition of 
the cloud that spreads over long distances (hundreds and thousands of kilometers) reflects a 
mixture of the following radionuclides: 89 Sr, 90 Sr, 91 Y, l37 Cs, l40 Baand l()3 Ru, with l4l Ce 
being present in smaller amounts. This is confirmed by the composition of the near-surface 
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Table 4.4 

Coefficients of enrichment of different nuclides in the clouds of different explosions (relative to 90 Mo) 


Radionuclide 

Palanquin 

“Chagan” 

“Danny Boy" 

“Sary-Uzen” 

'Telkem-2” 

“Sulky” 



h = 41 

h = 43.2 

* = 48 

ft =51 

h = 56 



(m/kt 173 - 4 ) 

(m/kt 173 - 4 ) 

(m/kt 173 - 4 ) 

(m/kt 173 - 4 ) 

(m/kt 173 - 4 ) 

89 Sr 

4.0 

35 

150 

100 

1.4 x 10 4 

3 x 10 5 

137 Cs 

1.0 

25 

25 

23 

1.4 x 10 4 

2 x 10 5 

l40 Ba 

1.3 

12 

15 

29 

5.6 x I0 3 

3 x 10 4 

l4l Ce 

1.5 

4.3 

5.0 

5.1 

6.1 x 10 3 

2 x 10 3 


air-filter samples taken at a distance of about 1000 m after the “Sedan” explosion by Krey 
and Freid (1965). 

Nuclide 89 Sr 90 Sr 91 Y l03 Ru l06 Ru l37 Cs l40 Ba 

Coefficient of enrichment 122 51 8.2 5.5 15 178 18 

One can see from the data presented here that, for most of the nuclides analyzed in the 
near-ground air samples, the coefficients of enrichment (with respect to 95 Zr) are close to 
the values found in the cloud for the same species in the first hour after the explosion. 
Note that samples with such compositions are not found either in the close-in zone or 
in the fallout pattern of the dust column. At the same time, samples taken from the dust 
column during the first seconds after the explosion are very similar in their radionuclide 
composition to the ground samples taken from the area of the crater and the bulk ground. 
For comparison, the results of the nuclide analysis of the ground rubble samples are given 
in Table 4.2. 

Table 4.4 presents the enrichment coefficients (relative to the refractory isotope "Mo) 
for a number of nuclides that were isolated from the cloud generated by a number of 
cratering explosions (Izrael et al., 1970a; Bonner and Miskel, 1965; Miskel, 1966). These 
explosions led to the creation of domes within the ground and these had essentially 
different "filtering” properties. After the “Sulky” and “Crystal” explosions, the dome was 
not actually destroyed but only a “negative” crater was formed, i.e., a hill of heaped ground 
or “retarc”. In the case of the “Palanquin” explosion, the radioactive products easily found 
their way into the atmosphere through holes/fissures in the underground rock formations. 

With the "Sary-Uzen 1003”, “Chagan 1004”, “Danny-Boy” and “Telkem-2” explosions, 
well-defined craters were formed and the higher “filtering” capacities at increased depths 
were related to increases in the coefficients of enrichment. Especially large coefficients of 
enrichment after the “Telkem-2” and “Sulky” explosions merit attention. These were low- 
yield explosions so, because of their ground domes, they had more effective “filters” than 
the higher yield explosions. 


3. Radioactive Contamination in the Bulk Zone and the Cloud Pattern 

When radioactive particles descend from the cloud and from the base surge, the 
surrounding land becomes contaminated in the region of the crater and the bulk ground 
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as well as along the trajectory of both the cloud and base surge. Precipitating particles 
from the base surge contaminate the ground also on the windward side of the crater. 
The principal characteristics of the terrestrial contamination are the following: (i) the 
distribution of the radiation levels on the ground; (ii) the fraction of the total amount of 
radioactive products deposited in the near-fallout pattern and in the zone of bulk ground 
and (iii ) the temporal changes of the radiation levels on the ground. A fourth characteristic 
is the distribution of the radioactive products with depth in the zone of the bulk ground. 

Investigations of the distribution of radioactivity on land were carried out by means of 
aircraft gamma-surveys after a series of underground nuclear explosions carried out by 
the USSR and USA. Additional data were gathered from ground-level gamma-surveys as 
well as from laboratory analyses of samples collected in contaminated regions, particularly 
ground rubble zones (Izrael et al., 1970a; Nordyke and Wray, 1964; Izrael and Stukin, 
1967). Radiation levels measured at different times after a given explosion were normalized 
to a common time. 

Aircraft roentgenometric gamma-surveys performed after the “Sary-Uzen 1003” and 
“Chagan 1004” explosions and others were carried out by successive flights along radial 
routes over the ground rubble zone and by flights across their axes when surveying 
fallout patterns (Izrael et al., 1970a). Aerial gamma-surveys, performed using aircraft 
or helicopters, are effective methods for the determination of the fallout outlines and 
radioactivity distributions that are needed to determine general radioactive conditions 
and the external doses from environmental radiation. Such surveys of fallout patterns, 
along with supplementary investigations of the radioactive products in the fallout pattern, 
complement a whole complex of investigations of radiation conditions. 

Isolines of the intensities of the y-radiation dose reduced to a height of 1 m were 
drawn on the basis of such measurements. Reduction was carried out using an “altitude” 
curve derived from data on the radiation levels measured at different times and heights 
over a fixed area within a ground fallout pattern (this curve is close to the theoretical 
one that depends on the initial energy of the gamma-emitters). When recalculating the 
radiation levels within the bulk ground zone, as measured from an aircraft or helicopter, 
the volumetric 4n character of an emitter was taken into account. Reduction to the given 
time was made using a curve obtained from successive measurements of the radiation 
levels above the fallout pattern (this curve is an exponential function with the exponent 
n = —1.3). The inventory of radioactive products in a fallout pattern was estimated from 
the energy release of the explosion products deposited on the ground (see Chapter 7). 

To assess the overall radiation level, measured distributions were averaged along the 
fallout pattern axis and in the direction across the axis. The following quantity was then 
determined 

Qpat = LI, P(R,l)dRdl, (4.1) 

where Qpat is the quantity of radioactive substances in the fallout pattern, P ■ km 2 /hr: 
P(R , /) is the dose rate at height h = 1 m, R/hr (remembering that 1 R/hr is approximately 
10 mGy/h in current S.I. units—see introductory Glossary on units); R is distance along the 
pattern axis, km; / is a distance across the pattern axis, km. The total inventory of radioac¬ 
tive substances deposited in the fallout pattern was calculated in units of energy, based on 
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Asurf 



Fig. 4.1. Dependence of the average density of contamination in the surface layer of bulk ground on distance 
from the epicenter for different explosions (R is distance from the epicenter; R c is the crater radius). 


the assumption that 1 P • knr/hr corresponds to an energy release in the explosion prod¬ 
ucts of 2.86 x 10 15 MeV/s (the influence of ground roughness was taken into account—see 
Chapter 7). The fraction of y-radioactive products deposited in the fallout pattern was com¬ 
pared to the total inventory of radioactive products Q (MeV/s) formed in the explosion at 
a given time (the contribution of induced activity was carefully taken into account). 

When calculating the total amount of substance deposited in the ground rubble zone, 
the distribution of radioactivity with depth was taken into account, i.e., the calculation was 
performed using an average radioactivity concentration for the total rubble obtained from 
either laboratory measurements of samples or aerial surveys, but with the introduction of a 
correction factor for depth variation. 

It was determined that, for all three explosions “Sary-Uzen 1003”, “Chagan 1004” and 
“Telkem-1” (Izrael et al., 1970a), the maximum specific density of contamination of the 
surface layer lay within the epicentral zone of the bulk ridge and that the activity concentra¬ 
tions decreased steadily with distance from the ridge. At a distance of three crater radii from 
the limits of the displaced rocks, the surface density of contamination, averaged over all di¬ 
rections, was 2.5-3 times less than on the bulk ridge. The change in the average density of 
contamination in the bulk ground surface layer for the “Sary-Uzen 1003”, “Chagan 1004” 
and “Telkem-1 ” explosions as a function of distance (expressed in crater radii) is shown in 
Fig. 4.1. It can be seen that, for all of the above experiments, the character of the distribu¬ 
tion of radioactive products in the surface layer of the bulk ground is practically the same. 

The activity concentration of surface samples taken from the internal zone of the crater 
of the “Sary-Uzen 1003” explosion decreases sharply from the bulk ridge towards the 
epicenter of the explosion. On average, the activity concentrations in samples collected 
at distances of 10-20 m from the epicenter are 4-5 times smaller than in samples taken 
from the rubble ridge. Radioactive products in the bulk ground occur in a relatively thin 
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A(z)/A 0 



Fig. 4.2. Dependence ot' the ground beta-activity concentration on depth in the bulk ground for the “Chagan 
1004” explosion. 


surface layer. The variation of activity concentration of the bulk ground with depth A(z ) is 
satisfactorily approximated by the exponential relationship 

A(z) = A 0 e- mz , (4.2) 

where Ao is the beta-activity concentration in a thin surface layer of the rubble. The value 
of the coefficient m was 0.066 cm -1 for the “Sary-Uzen 1003” explosion and 0.088 cirU 1 
for the “Chagan 1004” explosion. A graph of the variation in beta-activity versus depth in 
the bulk ground for the “Chagan 1004” explosion is shown in Fig. 4.2 (Izrael et al., 1970a). 

The total amounts of some nuclides present in the ground rubble of the “Sary-Uzen 
1003” and “Chagan 1004” explosions are given in Table 4.5. The results take into account 
the distribution of the radioactive products with depth in the rubble. Data on the total 
nuclide inventory in the bulk ground of the “Sary-Uzen 1003” explosion as presented by 
Izrael et al. (1970b) were lower than during the “Chagan 1004” explosion (Izrael et al., 
1970a). 

One can see from the table that the ground rubble contains about half of all the refractory 
nuclides formed. The quantities of species having volatile precursors are less because of 
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Table 4.5 

Amounts of radionuclides in the bulk ground (% total) 


Nuclide 

Explosion 


“Sary-Uzen 1003” 

“Chagan 1004“ 

95 Zr 

39 

49 

i06 Ru 

55 

54 

l( »Ru 

45 

63 

141 Ce 

40 

62 

l44 Ce 

49 

_ 

l4(l Ba 

34 

32 

l37 Cs 

15 

25 

89 Sr 

9 

23 

99 Sr 

II 

30 


their redistribution during rock-breaking and cracking and their increased release into the 
atmosphere. 

The radioactive fallout from the base surge results in the formation of a circular zone 
of contamination around the crater at distances of up to several kilometers. Figure 4.3 
shows isolines of dose yields for the epicenter zone, the bulk ground and the circular 
contamination from the base surge following the “Sary-Uzen 1003” explosion (Izrael et 
al., 1970a), “Danny-Boy” (Nordyke and Wray. 1964) and the group explosion “Telkem-2” 
(Izrael et al., 1970a). One can see that the characteristics of contamination in these zones 
are similar. Similar contamination patterns were observed for the epicentral zone after other 
cratering explosions (e.g., “Sedan”). 

A characteristic of the surface contamination in the cloud fallout pattern after an 
underground explosion is that it is generally similar to that for a ground explosion. In the 
situation where there is no change in wind direction with height, a band of contamination 
extends windwards. Figure 4.4 shows the dose-rate isolines for the cloud pattern after 
the “Sary-Uzen 1003” explosion. In one day after the explosion, the 5 pR/hr isoline had 
extended outwards to about 300 km. 

Maps of the patterns formed after the “Danny-Boy”, “Cabriolet”, “Buggy” (Tewes, 
1969), “Sary-Uzen 1003” (Izrael et al., 1970b) and “Sedan” (Martin, 1965) explosions 
are presented in Figs. 4.4, 4.5 and 4.6. In the context of the latter (Fig. 4.6), a change 
in wind direction at a specific height resulted in an increase in the relative width of the 
pattern. The distribution of radiation levels along the axis of the pattern and the change 
in I(R) = f P(R,l)dl with distance after explosion “Sary-Uzen 1003” are shown in 
Fig. 4.7(b). The distribution predicted for the contamination density of the land by B7 Cs, 
36 years after the “Chagan 1004" explosion, is shown in Fig. 4.8. 

The distributions of radiation levels along the axis of the fallout pattern for different 
cratering explosions have similar characteristics and can be satisfactorily described by the 
exponential function P(R) ~ R~" with an average value for n = 2.0 (derived by analysis 
of data from “Sedan”, “Sary-Uzen 1003”, “Danny-Boy” and “Neptune” explosions (Izrael 
et al., 1970a). After the "Chagan 1004”, “Cabriolet" and “Buggy” explosions, these 
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Fig. 4.3. Distribution of the gamma-radiation dose rates in the epicentral zone (a) 5 days after the “Sary-Uzen 
1003” explosion; (b) one hour after "Danny-Boy” and (c) 17 days after the "Telkem-2” group explosion. 


similarities in character of the change in radiation levels along the fallout pattern axis were 
observed (Izrael et al., 1970a; Tewes, 1969). 

The amount of fallout radioactivity deposited outside the boundaries of the bulk ground 
amounted to 3.5% of the total amount produced in the “Sary-Uzen 1003” explosion. 

Table 4.1 presents the main characteristics of the USSR and USA explosions that 
resulted in the production of craters and a fallout deposition pattern. It should be noted that, 
after the 2.3 kt yield “Cabriolet” explosion, the radioactive fallout products were present 
in the equivalent of 7 t of debris (Tewes, 1969), with a further 2 t present in the cloud. This 
result was obtained by integration of the radioactivity in the fallout pattern debris that gave 
rise to a dose rate of 18 R/hr (=» 180 mGy/hr) per square mile one hour after the explosion. 
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Fig. 4.4. Distribution of the gamma radiation dose rate in the fallout pattern one day after the “Sary-Uzen 1003” 
explosion. 


It is known that fallout resulting from the fission of 1 kt of an explosive, collected over 
an area of I square mile, creates a dose rate of 3.38 kR/hr (33.8 Gy/hr) 1 hr after the 
explosion at a height of 1 m above the earth’s surface. When the earth's surface roughness 
and screening factor were taken into account, a correction factor of 0.75 had to be applied. 
After the “Buggy" explosion, composed of five charges each of 1 kt yield placed in a line, 
the equivalent of 35 t of fallout debris was calculated based on the measured dose rate of 
90 R/hr per square mile at time H + I. An additional 5 t of the debris were in the cloud. For 
reference purposes, it is interesting to note that 1 t of debris corresponds to approximately 
5.5 x 10 -2 g of actual fission debris by mass or 1.73 x 10 l6 MeV/s 1 hr after the explosion. 

It is interesting to consider how a group explosion influences the configuration of the 
contamination zones and the fraction of radioactivity settling in the near-fallout pattern. In 
fact, after a group explosion, the close-in fallout pattern is similar in its configuration and 
characteristics to that of a single explosion, as shown in Fig. 4.9 for “Telkem-2". 



132 


Radioactive Fallout after Nuclear Explosions and Accidents 


0,01 



Fig. 4.5. Distribution of the gamma-radiation dose rate in the fallout pattern one hour after the “Danny-Boy” 
explosion. 


Let us compare the characteristics of the terrestrial contamination after the “Telkem-1” 
(single) and “Telkem-2” (group) explosions. The relative amounts of radioactive products 
in the zones of the epicenter and the bulk ground (up to 1 km from the epicenter) 
represented 2.2% and 2.5% for “Telkem-1” and “Telkem-2”, respectively. Quantities of 
the products in the fallout pattern (0.2-2.5 km) amounted to 0.2% and 0.3%, respectively. 
Thus, the “Telkem-2” group explosion did not result in any increase in the relative 
quantities of radioactive products deposited on the surrounding land. 

The fallout of particle-carriers of radioactivity that have different sizes and shapes is 
the cause of radioactive contamination of the nearby land surfaces. Near the epicenter, 
the fallout of slag formations of size greater than 1 cm is rather common, while in the 
fallout pattern the particle sizes are substantially smaller at ~1 mm. In accordance with 
the classification proposed by Izrael et al. (1970b), radioactive particles on the surface 
after an explosion such as “Sary-Uzen 1003” can be conditionally divided into four types: 
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Fig. 4.6. Distribution of the gamma-radiation dose rate in the fallout pattern one hour after the “Sedan” explosion. 


(i) Melted particles with irregular forms, mainly transparent and glass-like. The 
radioactivity A in such particles is distributed uniformly over their volumes and 
their dependence on size is determined by the exponential function A(d) ~ d" 
where n % 2.7-3.0. 

(ii) Particles with irregular forms that were not completely melted. In these particles, 
the activity decreases from the surface to the center. 

(iii) Particles that do not differ in their appearance from the neutral broken rock. 
Contamination of these particles is only on the surface (n ~ 1.9). 

(iv) These are rare in occurrence and consist of melted particles, spherical or drop-like 
in form and similar to those formed in ground explosions (Izrael, 1970). 

For the first type, the relationship between the particle radioactivity for individual 
nuclides and particle size is close to being cubic. The size distribution of particle activities 
deposited in fallout on the surrounding land is approximated by a normal logarithmic 
expression. 
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Fig. 4.7. Dependence of the gamma-radiation dose rates along the axis of the fallout pattern (a) and integral 
quantity of radioactivity / (b) on distance R after the "Sary-Uzen 1003" explosion (1 — at 5 hours, 2 — at 24 hr, 
3 — at 15 days after the explosion). 


In addition to the products of fission, there are nuclides formed through induced activity, 
as mentioned in earlier sections. As noted, significant quantities of these induced activities 
were observed in near-surface air filter samples after the “Sedan” explosion. Isotopes of 
tungsten were found in distant fallout from the “Schooner” explosion (Izrael, 1970). The 
contribution of induced radionuclides to the total gamma-activity of the samples after the 
“Sary-Uzen 1003” explosion was insignificant. But 1000 days after that explosion, the dose 
in the crater zone due to the induced activity (mainly 60 Co) comprised 50-60%, while after 
the “Chagan 1004” explosion it constituted up to 90%. 

When the formation of radioactive contamination in the crater zones, bulk ground and 
cloud pattern is finished, some products belonging to a refractory or intermediate group of 
nuclides can decay into volatile nuclides or those of inert gases. For instance, in the mass 
decay chain 133 Sb... —> l33 Cs (Izrael, 1970a), relatively particulate and short-lived 133 Sb 
(T \/2 = 4.1 min) and l33m Te (T \/2 = 52 min) present in the fallout decay into the volatile 
133 I (T \/2 — 20.8 hrs) and gaseous l33m Xe {T \/2 = 2.3 days) and 133 Xe (T \/2 — 5.27 days). 
These radionuclides can escape from the particles and spread in a downwind direction as a 
stream of radioactive gases and volatile nuclides. It is evident that the isotopes of the inert 
gases ( 85 Kr, 85m Kr, 87 Kr, 88 Kr, l33 Xe, l35 Xe, l33m Xe, l38 Xe) and daughter products 88 Rb, 
l38 Cs and isotopes of iodine ( 131 1, l33 I, l34 I, 135 I) can be present. Gamma-spectrometric 
investigations of samples taken in the gas stream several hours after the “Sary-Uzen 1003” 
explosion revealed that the radioactivity of the gases was practically entirely attributable to 
a collection of xenon isotopes ( 133 Xe, l35 Xe). Throughout the investigation, the measured 
quantities of these isotopes were in close agreement with the calculated values obtained for 
a non-fractionated mixture of the isotopes. The iodine isotopes ( l3l I and l33 I) were also 
present but in quantities that were lower by factors of approximately 10 3 -10 4 in activity 
terms. On other days, the upper edge of the stream rose to 900 m altitude. In 4 hr, the 
radiation levels at a height of 50 m amounted to 2 rnR/hr (%20 pGy/hr) at a distance of 
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Fig. 4.8. Distribution of contamination density of the surrounding land by l37 Cs 36 years after the “Chagan 1004" 
explosion (1991 survey). 


15 km from the epicenter. To quantify the total inventory of gases released, it is noted 
that, 74 hr after the explosion, the discharge of radioactive gases was equal to 1.26 kCi/hr 
(46.62 TBq/hr) (Izrael et ah, 1970b). 


4. Radionuclide Composition of the Fallout from an Underground Explosion 

The identification and qualitative determination of the fission products l40 Ba, 141 Ce, 
144 Ce, 132 Te, "Mo, 131 I, 103 Ru, I 06 Ru, 95 Zr, l37 Cs, 89 Sr and 90 Sr and the activation 
products 60 Co, l34 Cs, M Mn, 59 Fe and 46 Sc for the “Chagan 1004” explosion and 
60 Co for the “Sary-Uzen 1003”, “Telkem-1” and “Telkem-2” explosions were made 
from measurements of the nuclide composition of samples taken after the underground 
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Fig. 4.9. Distribution of the gamma-radiation dose rate in the fallout pattern I day after the “Telkem-2” explosion. 


explosions. It should be noted that the contribution of 60 Co to the dose rate in the epicentral 
zones of the “Sary-Uzen 1003” and “Chagan 1004” explosions was rather high. At 1000 
days after the explosions, it was 50-60 and 85-90%, respectively (Izrael et al., 1970a; 
Izrael, 1973). 

The relationships that exist between the nuclides in the fallout from an underground 
explosion essentially depend on the character of the particles that constitute the fallout (see 
Chapter 2) and on the nature of their sources in different parts of the main cloud and the 
base surge cloud. There is a group of fission fragments in ground bulk zones and in the 
close-in fallout pattern that it is largely composed of slag formations and particles of the 
first type, which essentially exhibit no fractionation. The base fallout zone, in contrast 
to the cloud pattern and especially to the ground bulk zone, is considerably enriched 
in radionuclides having gaseous precursors. Analysis of the data allows us to conclude 
that the largest fraction of all radionuclides (except the most volatile ones) formed in an 
underground cratering explosion is present in the epicentral zone of the explosion (the 
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crater and ground rubble) and in the close-in fallout pattern. In this near-fallout pattern, 
the relative quantity of all the radionuclides practically coincides with the relative quantity 
of total activity (about 20% for the “Chagan 1004” explosion and about 4% for the “Sary- 
Uzen 1003” explosion). 

It should be noted that the depletion in the bulk ground of nuclides that have relatively 
long-lived gaseous precursors was apparently related to the fact that a significant amount of 
them can be present in the crushed rock zone immediately adjacent to the crater and in the 
cloud of the explosion. Data obtained from the analyses of samples taken from exploratory 
holes drilled in the epicentral zone of the “Sary-Uzen 1003” explosion showed that about 
40% of the total l37 Cs formed in the explosion was found in the crushed rock zone. About 
30% of the 89 Sr was found in distant fallout from the radioactive cloud. It was also found 
that the distribution of different nuclides in the near-pattern depends, first and foremost, on 
the explosion’s characteristics, particularly its yield and depth. Among other factors, the 
distribution is explained by the fact that the enrichment of nuclides with volatile or gaseous 
precursors is greater in the cloud after low-yield explosions or at a large scaled depth. 
So, for instance, after the low-yield explosions ‘‘Telkem-1” and “Telkem-2” (especially 
after “Telkem-2”), no fissures were observed in the ground, while after the “Chagan 
1004” explosion there were obvious holes through which the radioactive products could 
be easily transported away. For small explosions, the “absorption capacity” of the rocks 
per unit volume, and consequently per unit of yield, is larger at the time of break-through 
than for higher yield explosions since the ratio of this “absorption capacity” increases 
with increasing volume. In this connection, it is interesting to compare the distribution of 
different radionuclides in the close-in fallout patterns of different underground explosions. 
To illustrate this, the distribution of 131 1 measured at given distances and integrated over 
the whole width of the fallout pattern (per unit section of pattern length) f CTi 3 i(x)dy 
after different explosions is shown in Fig. 4.10 versus the scaled distance x/Hv (x is the 
distance, H is the cloud altitude and v is the average wind speed from the upper edge 
of the cloud down to the earth’s surface). It has been shown by Izrael et al. (1970a) that 
the slopes of the curves of this relationship found for the “Sary-Uzen 1003” and “Chagan 
1004” explosions do not really differ and that the differences in the curves of total activity 
for individual nuclides are insignificant. 

The distributions of radioactive products in the close-in patterns after the “Telkem-1” 
and “Telkem-2” explosions (two low-yield explosions where there was no breaking up 
of the cloud, the dust column and base surge) are sharply different from those observed 
after the “Chagan 1004" and “Sary-Uzen 1003” explosions. For “Telkem-2”, the density 
of contamination by refractory nuclides ( 9, Zr) and by those species having no gaseous 
precursors ( l03 Ru and 131 1) varied with distance in a more extreme fashion than for the 
“Sary-Uzen 1003” and “Chagan 1004” explosions. As for the distribution of nuclides such 
as 89 Sr and 90 Sr that have relatively long-lived gaseous precursors, this is described in a 
more complex manner and is characterized by two sections corresponding to two different 
zones of fallout. The first zone is dependent on yield and the second exhibits a maximum 
in the relationship. Analysis of the composition of the radioactive particles dispersed in the 
fallout has shown that the first zone contained relatively large particles, while the second 
zone was characterized by the presence of very fine particles, the sizes of the latter being 
significantly less than 10 pm. It had been suggested by Izrael et al. (1970a) that the first 



138 


Radioactive Fallout after Nuclear Explosions and Accidents 


f6 t31 (x)iy 



Fig. 4.10. Dependence of the integrated amount of 131 1 on distance along the fallout axis for different 
underground explosions. 


zone was formed due to kinematic deposition while the second zone could apparently be 
explained by diffusive deposition of fine particles enriched with volatile nuclides. This 
difference is particularly important for low-yield explosions where the main cloud and 
that of the base surge are not divided. These features broadly define the radionuclide 
composition of such a fallout pattern. 

After the “Chagan 1004” explosion, the radioactive products in the close-in fallout 
pattern were weakly fractionated. Suffice to note that the fractionation coefficient of l)n Sr 
relative to 95 Zr over the whole area of the pattern (along its axis) changed from 1 to 4. 
After the “Sary-Uzen 1003” explosion, the fractionation was more pronounced. For 90 Sr, 
the fractionation factors varied from 1 to 10. while in the “Telkem-1" and "Telkem-2” 
experiments these coefficients ranged from tenths to hundreds of units. 

The above regularities have been confirmed in the results of studies of the composition 
and fractionation of radioactive fallout from the “Schooner” explosion. For large particles 
(500 to 104 pm) taken from the fallout pattern, the fractionation effect for 131 1 and l32 Te 
relative to the slag formations was 4 times and, for particles smaller than 500 pm, it was 
12 times for 131 1 and 50 times for 132 Te. Overall, the nuclide composition in the close-in 
fallout pattern changed insignificantly. 



Radioactive Fallout from Underground Nuclear Explosions 


139 


Table 4.6 

Fractionation factors and the abundance (%) of different nuclides in the total 
activity of the fallout (at a given distance) 


Nuclide 

Fractionation factor 

Fraction (%) 

sy Sr 

21 

31 

90 Sr 

14 

0.12 

91 y 

2.7 

4.5 

95 Zr 

- 

About 0 

l( »Ru 

1.6 

5.2 

106 r u 

5.2 

1.1 

l37 Cs 

40 

0.65 

l40 Ba(+ l40 La) 

4.6 

47 

l4l Ce 

2.5 

9.2 

l44 Ce 

3.4 

l.l 


Changes in isotopic relationships take place essentially in the cloud within a time period 
from 15 min to 3 hr after the detonation and thus appear in the pattern of distant fallout 
at distances of thousands of kilometers from the site. Here, the fallout is greatly enriched 
with the nuclides having gaseous precursors ( 140 Ba, 90 Sr. 89 Sr, l37 Cs, 91 Y) and the relative 
contribution of these nuclides depends on the half-lives of the precursors. The largest 
fractionation coefficients should be expected for 89 Sr and l37 Cs. This was confirmed by 
the data of Krey and Freid (1965) for the fractionation coefficients relative to "Mo for 
samples of distant fallout from the “Sedan” explosion (~ 1000 km from the explosion site, 
at a time of 2.5 days after the explosion). Table 4.6 shows the average nuclide composition 
of the radioactive fallout at nine stations. The major part of the activity was composed of 
l40 Ba(+ 140 La), 89 Sr, 91 Y, l03 Ru and 14l Ce (at time of the fallout formation). 

Comparison of nuclide activities in the filter samples and in the fallout shows 
a significant enrichment in the filter samples for the 89 Sr, 90 Sr, 1,7 Cs and l40 Ba 
(approximately 4-6 times) due to the greater efficiency of the filters for the fine particles. 
The opposite tendency was noted for 14 ! Ce and l44 Ce, these isotopes being principally 
associated with the larger particles in samples of fallout and being practically absent from 
the highly dispersed fine fractions found in the filters. The fraction of the total activity of 
the isotopes formed in the test and which are precipitated in the distant fallout pattern after 
an underground explosion is insignificant. After the “Telkem 1” and “Sary-Uzen 1003” 
explosions, it amounted to 0.45 and 0.66%, respectively (Izrael and Petrov, 1970). 

It follows from the experimental data that the main components of a sample of distant 
radioactive fallout are 89 Sr, l4u Ba and 91 Y. Approximately ten days after an explosion, 
the fraction attributable to these nuclides amounts to more than 80% of total activity. The 
samples are very highly enriched with the 90 Sr and l37 Cs and the activity of species such 
as 132 Te, 1(l, Ru and l4l Ce amounts to only a few percent of the total activity. It should 
be noted also that the ratio between the basic components in fallout, e.g., l40 Ba and 89 Sr, 
changes with distance from the explosion site. If the theoretical ratio of the 89 Sr activity to 
that of ,40 Ba is taken as unity at time zero, then in the close-in fallout at an explosion site 
at a given time it is close to 0.1-0.2 and in a distant zone it can reach 4-5. If we take the 
ratio 89 Sr/ l40 Ba = 1 as the average for the whole pattern of a distant fallout explosion, then 
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a fraction of the nuclides 89 Sr and 140 Ba + 140 La, falling in the distant pattern and making 
up the main contribution to the activity, will amount respectively to 20-40 and 2.5-5% of 
the total quantities of the given nuclide(s) formed in the explosion. It is therefore clear that 
it is mainly the nuclides of volatile elements (or those having gaseous precursors) that are 
present in distant fallout. 

The relatively volatile nuclides of induced activity (for instance, the tungsten isotopes) 
can also contribute to the fallout. Significant quantities of these can exist, even in those 
situations where the amounts of other products of the explosion have become insignificant. 
This feature is characteristic of the explosions conducted by the USA and intended for 
industrial use (Namburger, 1970). An example is the “Schooner” underground cratering 
explosion performed in the USA in December 1968 at the Nevada test site. The spread 
of fresh radioactive products, e.g., the tungsten isotopes, was observed over a large area 
after this explosion. Thus Izrael (1970) has presented some gamma-spectra for air filter 
samples collected in the Moscow suburbs. They were taken from within the air mass whose 
trajectory could be traced back to the time when the “Schooner” explosion was detonated. 
A comparison of the data for a time before the radioactivity appeared with those during the 
period 13-21 December indicated that the 59 keV line appeared in the air samples taken 
after 13 December. The half-life of the radioactive products in these samples, determined 
from the rates of decrease of the line intensity, turned out to be approximately 140 days, 
i.e., the data confirmed the presence of 181 W in these samples. I95 W was also identified in 
these samples. The l95 W/ 181 W activity ratio at the time of the explosion varied in different 
samples from 0.9 to 4.6, with an average value of 2.7 ± 0.6. Obviously, the isotopes 181 W 
and l85 W were the products of neutron activation in the explosion. 

5. Prediction of the Radioactive Contamination of Surrounding Land after an 

Underground Nuclear Explosion 

In the context of the possible uses of underground explosions for industrial and con¬ 
struction purposes, there is considerable pressure on scientists to predict the environmental 
contamination that results from such explosions, particularly to predict the contamination 
following cratering explosions. Several zones can be identified for which the prediction of 
contamination should be carried out particularly thoroughly. They are as follows: 

(1) zones of the crater (funnel) and bulk ground where further work involving human 
participation may be implemented after the explosion (e.g., change of the ground 
bulk form, etc.), 

(2) zone of close-in fallout where the radiation levels are significant and can be 
hazardous for humans, 

(3) zone of long-distance fallout where irradiation is not great but which can impact on 
a large number of individuals. 

If the conditions for an explosion are properly chosen, the potential dangers from 
contamination can be minimized; hence the need to make accurate predictions of potential 
contamination. In the following, we consider various prediction schemes for close-in 
fallout and the distant spreading of radioactive products that occurs after underground 
nuclear cratering explosions. 
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5.1. Prediction of Close-in Fallout 


Radioactive contamination of the external environment depends on the quantity of 
radioactivity, q, formed in an explosion, the fraction of these products, ip (/; ), that penetrates 
into the atmosphere, and the meteorological conditions that determine the degree of 
dilution of these products in the atmosphere. To predict the close-in fallout, one needs to 
know the geometry of the sources (i.e., the cloud and base surge), the functions describing 
the activity distribution throughout the source and the rates of particle descent. In addition, 
one should also know the dependence of the fractionation factors for different nuclides on 
particle size (Izrael, 1965). A model of the fallout can then be constructed on the basis 
of the above data. The work of Knox (1965) describes such a model that is similar to the 
dynamic model of fallout developed by Anderson (1961) for ground explosions. 

The Anderson model assumed that the stabilized cloud consisted of a series of 
n superimposed round cylinders, each cylinder corresponding to a class (by size) of 
radioactive particles. It was presumed that particles of a given size are uniformly mixed 
within its particular cylinder. In turn, each cylinder was then divided into several disks, 
depending on explosive yield. The trajectory of each disk in the air was considered to be 
that of a particle whose size corresponds to the class of particles of a given cylinder. Thus, 
when particles corresponding to different particle classes fall out, the cylinders move away 
one from another. 

The radiation levels for the “Jungle-U" (Nevada) underground nuclear explosion were 
predicted using this model. In this case, the cloud height and its geometry were taken to 
be the same as for the “Jungle-S” ground explosion of the same yield. It was clear that the 
”Jungle-U'’ explosion was performed at a shallow depth of 5.2 m (scaled depth of about 
5 m/kt 1 ^). It is possible that, in an underground explosion conducted at low depth, the 
close-in fallout could be greater than that from a surface explosion. The distribution of 
activity as a function of particle size was determined by the formula (see Chapter 1): 


F(dudi) 



(P~P ) 2 

2(7 2 


d P, 


(4.3) 


where F was the fraction of activity related to the class of particle of size d\ to cA; 
P\ — log(fi, pi = \ 0 gd 2 , P = logc/. For the soils of Nevada, p = 2.053 and a — 0.732. 
If the depth of the explosion is large, then one needs additional data on the radioactivity 
released into the atmosphere, on the geometries of the cloud and base surge, as well 
as accurate functions describing the activity distribution with particle size and rates of 
particulate descent. 

According to Knox (1965), to predict the radioactive fallout one should know: 

(i) the heights of the base and top and the radii of the main cloud and base surge at the 
time they stabilize, 

(ii) the total fission equivalent of the explosion and the portion of the radioactive 
products ejected into the atmosphere and deposited in the close-in fallout pattern, 

(iii) the size distribution of the radioactive particles in the cloud and base surge and the 
fraction of radioactivity within each of these features. 
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(iv) the velocity of particle descent, 

(v) the forecast of spatial and temporal wind conditions within the layers through which 
the descending particles pass, and 

(vi) the increase in the horizontal dimensions of the “disks” filled with radioactive 
products under the effect of horizontal turbulent diffusion. 

Special graphs were used by Knox (1965) to forecast the linear dimensions R of the 
cloud and base surge for explosions in alluvial materials. They related the depth of the 
charge loading h to that of the crater diameter d and the explosive yield. It was assumed 
that 80% of the products ejected into the atmosphere were contained in the cloud, while 
20% were in the base surge, and that the cloud content was in two parts. In the first 
component, the material was distributed in accordance with a logarithmic expression 
relating W c i i and the parameters lnr C | i and a c \ \ (the standard deviation), while the second 
part occupied the lower 1 /5th of the cloud volume. A similar distribution was assumed 
for the base surge. Numerical values for the parameters indicated were then selected using 
the findings of radioactive fallout after the “Sedan” and “Danny-Boy” explosions. Thus, 
for the upper part of the cloud, 1V C | i — W a \ =0.9 (0.9), logr c j i = logr ff i =2.9 (3.0) and 
ct c i i = cr CT i = 0.69 (0.69). No cloud was formed after the “Danny-Boy” explosion and all 
the data are related to the base surge. The above model was verified for other explosions, in 
particular, for the “Teapot-Ess” explosion, and gave satisfactory results. One can see from 
this information how much the forms and linear dimensions of the sources and the actual 
distributions of the particles differ for underground and ground explosions. 

Taking into account some of the features of the close-in contamination pattern for 
a cratering underground explosion, it is possible to simplify the model. From the 
experimental data, it follows that the character of the radioactive product distribution in 
the close-in fallout pattern does not depend to a great extent on the scaled depth and yield 
of an explosion, i.e., there is a similarity in these distributions after different explosions. 
In the absence of wind sheer, it is then possible to ignore any of the complicated features 
of the source of radioactive fallout and to select some distribution function to describe 
the activities over a range of descent velocities for the N particles (by analogy with an 
atmospheric explosion) for all explosions, assuming that they originate in a point source. It 
is obvious that, within certain distance intervals, this function should correspond to the 
actual distribution of the products on the surrounding land. In such a case, according 
to Petrov and Pressman (1962), we can write the following expression for the surface 
concentration k{R,l) of a mixture that spreads in a multi-directional sense from an 
instantaneous point source 


k(RJ) 


QN(Hv/R)Hv 

■■ . .—exp 

V2tt(ti(R)R 2 


l 2 ‘ 

2 (t 2 (R)Y 


(4.4) 


where R, l are distances along and across the pattern axis, respectively; H is the height of 
the source; Q is the amount of substance in the source; k(R, l) is the density distribution 
of the contamination; of is the dispersion of the distribution k(R, I) in the direction of the 
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axis l\ w = Hv/R is the particle descent velocity; v is the average wind velocity within 
the layer from the source down to the earth’s surface, 

1 f H 

v — — / u(d) d h, 

H Jo 

u(h) is the wind velocity within the layer dh. 

Note that k(R, l ) is related to the dose rate by the relationship 

P(R, l) — ck(R, /), (4.5) 


where c is a constant dependent on the units of measurement. Thus, for the pattern from 
an underground nuclear explosion, we can write 


P(R,l) 


m Qtp(h)HvN(H v/R) 
V2n oi(R)R- 



r- - 

2af{R)_ 


(4.6) 


Here, Q is the amount of substance formed after an explosion; <p(h) is the fraction of 
the substance released into the atmosphere; in is a constant depending on the units of 
measurement. 

The dispersion <ti (/?) can be found from the equation 


<ti(R) = 


f^P(R,l)dl 
s/2n P(R, 0) 


(4.7) 


where P{R, 0) is the dose yield along the fallout pattern axis. It is obvious that with 
increase in R then a/(R) increases (the fallout pattern widens from the initial op as defined 
by the cloud size). 

On the basis of the solution of the equation for turbulent diffusion, as proposed by Sutton 
(1947), values for a / can be written as 

a, =a(vt) a -" )/ ", (4.8) 


where c/ is the virtual coefficient of diffusion and n is an index of stability (dimensionless). 

Equation (4.6) is appropriate for the calculation of the scattering of a cloud of radioactive 
products formed in the case of a short-time energy release in a reactor explosion, i.e., 
similar to that to be considered in Chapter 5. Later, a number of efforts were made to 
improve the models used to predict the contamination after atmospheric nuclear explosions 
(Loborev et al., 1994), the distant fallout from chemical pollution (e.g., acid rain, 1984) 
and, particularly important, the effects of major atomic accidents such as the Chernobyl 
incident (Izrael et al., 1989b; Sedunov et al., 1989; Izrael et al., 1990). Loborev and 
Sudakov (1994) compared the results of calculations made using the model (as proposed by 
the authors), on the distribution of activity along the axis of the radioactive fallout pattern, 
with the experimental data obtained for six atmospheric nuclear explosions performed at 
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the Semipalatinsk Test Site in 1953-1962. For “neutral” meteorological conditions (with a 
large temperature gradient) and a cloud height of 200-500 m, c/ % 0.10 and n = 0.20-0.25 
(Fedorov, 1959); then, cr/ = 0.1(u?)° 9 = 0.1 /? 0 9 . When calculating 07 for a small R, one 
has to take into account the initial dispersion. 

Izrael et al. (1970) have shown that the value oy(/?) for underground explosions is 
satisfactorily described by the equation 

<*(*)= 7 ^ + 0.01 


The initial dispersion <Tq is related to the cloud's horizontal dimensions and corresponds 
to the radioactive product distribution in the fallout pattern in the crosswise direction at 
small distances from the explosion center. If we take 0 / % 0.1 R, the distribution function 
N(Hv/R) = N(w ) can be written in the following form: 


N(w) = 


0.1 P(R, 0)/? 3 \/2?r 
Q<p(h)H v 


(4.9) 


i.e., if a map of the explosion’s fallout pattern is known, then it is not difficult to determine 
N(w). 

The dependence of x (u>) = w 3 N(w) on w for the “Sary-Uzen 1003”, “Sedan", “Danny- 
Boy” and “Neptune” explosions is shown in Fig. 4.11 (Izrael et al., 1970b). In the given 
scale, x ( w ) f° r all the explosions is more accurately expressed by a straight line of gradient 
— 1.0, i.e., N(w) ~ 1 /w. Hence, 


P(R, 0)% 


Q<P(h) 

R 2 


(4.10) 


As already stated, N(w) does not depend on the cloud height, explosion yield or depth. It 
follows from formula (4.10) that the dose yield in close-in fallout is determined mainly by 
the quantity of radioactive products ejected into the atmosphere after the explosion. 

In situations where the wind changes with altitude (for instance, explosions conducted 
in mountainous regions), one has to use either a linear vertical source or a volume source 
in the calculations. It is then necessary to know the vertical distribution of radioactive 
products in the source, especially for the lower sections where local winds may be 
important. Knox (1965) assumed in his calculations that the base-surge contained 20% of 
all products released into the atmosphere. In the case of group explosions placed in a line 
of length L (such explosions are promising in constructing roads and excavating channels), 
if there is a cross-wind, the dose of gamma-radiation from N explosions is calculated from 
the expression (Izrael et al., 1970b) 




(4.11) 
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X(w) 



Fig. 4.11. Dependence of x( w ) tor fallout patterns from different explosions. 1 — “Sary-Uzen 1003”; 
2 — ”Danny-Boy”; 3 — "Sedan”. 4 — "Neptune” explosions. 


where D / is the dose from a single explosion and @(L/2oi) is an integral of probability. If 
(L/2 ct/) < 1 and the uncertainty is smaller than 17%, we can write 

£>tv(V *ND,(R.O). (4.12) 

When deducing this formula, it was assumed that the fraction of the products ejected 
into the atmosphere after a group explosion is equal to the fraction from a single explosion 
and that there is no interaction between the clouds of different explosions. Actually, it 
was demonstrated, in certain chemical explosions where tracers were introduced, that this 
fraction increases by a factor of 2 but it certainly was not a linear function of the number of 
explosions (Knox, 1965). This fraction did not increase in a grouped underground nuclear 
explosion (Izrael et al„ 1970a). 

The above forecast scheme for close-in fallout can also be used to predict the 
radionuclide composition in the fallout pattern. In this case, Eq. (4.6) is now used to find the 
surface density of the contamination kj(R, l ) by the /th nuclide. Instead of q , one should 
substitute q\ which is the quantity of a nuclide deposited in the close-in fallout pattern, 
and, instead of N(w), Nj(w) is substituted, this being the distribution function of the /th 
nuclide’s activity over the particle descent velocities. In the case where the fractionation 
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Fig. 4.12. Dependence /i ( w ) for different nuclides in the fallout pattern of the “Sary-Uzen 1003" underground 
nuclear explosion. 


in the direction perpendicular to the fallout pattern axis is not very large, we can take <7/ ( ., 
i.e., the dispersion across the axis for the / th nuclide, to be the same as for the sum of the 
nuclides. Having sufficient experimental data on the dependence of t/, and Nj(w) on the 
explosion parameters, one can use the above-described scheme to predict the radionuclide 
composition of the radioactive fallout in the close-in fallout pattern. 

As an example, the dependence x, (w) — ur’’ Nj(w) for a number of nuclides from the 
“Sary-Uzen 1003" explosion is shown in Fig. 4.12. One can see from this figure that this 
dependence is similar to that of x/(w’) for the fallout patterns from different explosions 
(see Fig. 4.11). 

Since generally there are not sufficient experimental data on the nuclides of the 
radioactive fallout in close-in patterns, we try to calculate k,(r) or k,(uj) using features 
of radionuclide fractionation in order to build a prediction scheme for the fallout when 
only the dependence of fractionation factors on particle size is known. For the sum of 
surface densities of contamination by different nuclides in the near-fallout zone, we can 
write (indices “e” will be related later to experimental values and “c” to the calculated or 
theoretical values): 

TffrJ) _ k^jrj) 

k? )5 (r, t) kg 5 {r, t)' 
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where £ 7 , £ 95 , k-£ are the surface densities of contamination by the / th nuclide, 95 Zr and 
the sum of the fission products at a distance R r from the explosion site. This distance 
corresponds to the point where fallout of particles of radius r occurs, at time t. We can also 
write 


k'r(t) __ YjXj e -A95 ' 


(4.13) 


where Yj, K 95 are the yields of /th nuclide and 95 Zr at fission and A.;, A 95 are their decay 
constants, respectively. 

The fractionation factor can also, by definition (see Chapter 1), be written as 


kf(r,t) , k‘(t) 

^95 (h 0 ^95 (t) 




(4.14) 


And from Eqs. (4.13) and (4.14) 
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Thus, 
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Since, from formula (4.5), 
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(4.16) 

(4.17) 


(4.18) 

(4.19) 


where P e (R r ,l) is the dose rate near the earth’s surface at point /?,, corresponding to 
the fallout of particles of average radius r at time /. A and /?; are constants depending on 
the units of measurements. Thus, if we know the relationships between the fractionation 
coefficients and particle size and also between the prediction scheme for the y-radiation 
dose rate or the contamination density for the known sum of the radiation fragments, we 
can then calculate the expected density of the contamination by any nuclide / at a given 
point in the fallout pattern. 
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Fig. 4.13. Dependence of the density of radioactive fallout on distance for an explosion of 1 kt yield. 


It is interesting that, if the change of fractionation in the direction perpendicular to the 
pattern axis is ignored, we can write 

ki(R r J) = f,ki(R r ,t)dl = QiU)Nilr) 
kMJ) f,kM,t) d/ Q{t)N(r) ’ 


and 

QjNiir) _ YjXj fj_ 95 (r, t) 

QN(r) J2 Yi^e~ k i' fi_ 95 {r,t)' 

Thus, to make a predictive calculation, one should know either the dependence of /;,9 s(t 0 
or Qi(t) and N((r), or Qi(t) and /V;(w). The fractionation coefficients can be obtained 
either through experiment or by calculation. Experience suggests that, in underground 
explosions, the fractionation in the close-in fallout zone is insignificant. 

Note that in the case of admixture diffusion where there is air flow over a horizontal 
homogeneous surface has been considered by Izrael et al. (1970a) and Izrael (1973) in 
estimating the concentrations and densities of fallout of radioactive products at large 
distances (i.e., after several days of propagation). The curve representing the calculated 
change in the radioactive fallout density with increase in distance from the epicenter of an 
explosion of 1 kt yield under a wind velocity i> = 40 km/hr, is shown in Fig. 4.13. Data 
points indicate the calculated values. Background values are related to 1960's information. 
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Aerosol products that lead to radioactive fallout are not released in quantity during normal 
operation of nuclear power stations. According to studies carried out in many countries, 
nuclear reactors do, under normal operating conditions, release certain radioactive inert 
gases ( 4l Ar, m Xe, 8:> Kr) to the atmosphere and, in some cases, insignificant amounts 
of tritium ( 3 H) and iodine ( 131 1). Some other nuclides have also been identified (for 
instance, |,4 Xe, l4 C and l29 I) in routine gaseous releases. Up to 7.4-14.8 PBq/year 
(200-400 kCi/year) of gaseous products (relatively short-lived inert gas nuclides), up 
to 370 GBq/year (10 Ci/year) of aerosol products and 18.5 GBq/year (0.5 Ci/year) of 
radioactive iodine are actually released during trouble-free operations. Only very small 
quantities of aerosol products, including the iodine isotopes, find their way to the ground 
surface. 

The occurrence of accidents at nuclear reactors and other types of nuclear installation 
is an important exception to this release scenario. Among the more notable accidents that 
have occurred at nuclear reactors are. in chronological order, (i) the Windscale accident in 
Great Britain in 1957, (ii) the Three-Mile-Island nuclear power station accident in the USA 
in 1983 and (iii) the world’s largest accident, at the Chernobyl nuclear power station in the 
former USSR, in 1986. For comparison, the total releases of radioactivity from nuclear 
weapons tests and the largest accidents (in PBq at D + 3) are as follows: 
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Nuclide 

Tests 

Chernobyl (former USSR) 

Windscale (UK) 

137 Cs 

1500* 

89* 

0.044 

134 Cs 


48 

0.0011 

90 Sr 

1300* 

7.4 

0.00022 

131 j 

780000 

1300 

0.59 


* rough estimates 

( 134 Cs is an “induced” nuclide generated by irradiation with reactor neutrons.) 

1. Dynamics of Radioactivity Release and the Conditions of Radioactive Aerosol 

Particle Formation from the Chernobyl Accident 

Unit IV of the Chernobyl nuclear power station (CNPS) was destroyed and a short-term 
release of accumulated radionuclides to the environment occurred as a result of the thermal 
explosion on April 26, 1986. During the nearly ten days that followed (up to May 6), 
a plume of gaseous and aerosol-associated radioactive products continued to escape into 
the atmosphere due to the high temperature generated by the burning graphite and by 
inner heating (Abagyan et al., 1986a,b). The data on the total radionuclide release from 
the reactor and a theoretical reconstruction of the source behavior during the accident are 
discussed in more detail in Section 5.5. 

Naturally, the mechanism of aerosol particle formation and, as a consequence, the 
structure, composition and other characteristics of aerosol particles resulting from 
“nuclear” accidents differ considerably from those originating in nuclear explosions (see 
Chapters 1 and 3). These differences are the result of the quite different physical and 
chemical conditions of particle generation and the differences in the materials from which 
the particles are formed, etc. 

The principal circumstances in which particle generation occurs in some of these 
different cases are: 

(i) in a fireball from a nuclear explosion that incorporates ground material, resulting 
in fission products and induced activities, 

(ii) in a chemical explosion in a container containing long-lived radioactive waste (the 
formation of the “Urals fallout pattern”), 

(iii) in the destruction of a reactor by a non-nuclear explosion and the subsequent 
burning of graphite accompanied by radioactive particle formation (as occurred 
during the Chernobyl accident). 

An important feature of the radioactivity released from nuclear weapons tests and power 
station accidents is its radionuclide composition. In nuclear explosions, in their initial 
phase, many average- and long-lived radionuclides ( 89 Sr, 90 Sr, l40 Ba, 137 Cs, etc.) that 
are important from a dose-delivery perspective are entirely present as short-lived nuclides 
of radioactive inert gases ( l37 Xe, l40 Xe, 89 Kr, 90 Kr, etc.). Under the conditions existing 
within the cooling fireball, it is this in-situ decay process that controls their distribution 
both on aerosol particles and, finally, at the ground surface. During a nuclear accident, the 
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great majority of the dose-forming radionuclides listed above have already accumulated 
and they behave as caesium, strontium, barium isotopes, etc. and not as inert gases. 

The conditions of radioactive particle formation during the Chernobyl accident are 
discussed below. The following scheme for radioactivity release in the emergency was 
proposed by Sivintsev and Khrulev (1995). It includes four main stages: 

- the 1st stage—a release related to the explosion in the reactor due to introduction of 
positive reactivity, 

- the 2nd stage—a release connected with the burning of the graphite core in the reactor, 

- the 3rd stage—a release due to increased temperatures in the fuel and fuel-containing 
materials as a result of the energy produced during radioactive decay of the 
accumulated fission products, and 

- the 4th stage—a drastically diminished release as a result of stabilisation and the 
ensuing gradual temperature drop. 

Different measures taken by the emergency unit can exert an influence on the release 
dynamics. Sivintsev and Khrulev (1995) assumed that the covering materials dropped 
by helicopters on to the building of the Chernobyl unit reduced the iodine and caesium 
release; however, we believe that it could have led to temperature rise in the 3rd stage. 
According to Sivintsev and Khrulev (1995), the temperature rose to 1800-2000 K during 
the 1st stage. At the beginning of the 1st stage, the heat-producing rods were destroyed 
and the fuel dispersed because of the thermal pressures created by fuel heating and fission 
product expansion in the low porosity materials of the fuel (a gaseous “explosion”). Almost 
immediately afterwards, a second gaseous explosion occurred as a result of penetration of 
the hot dispersed fuel into the heat-exchange material. 

In the 2nd stage, the graphite-burning phase, it is believed that, along with the 
combustion products, the finely dispersed fuel particles that were incorporated in the 
graphite were released together with associated fission products into the explosion area 
of the reactor core. In the 3rd stage (May 2-5, 1986), an increase in radionuclide release 
occurred because of overheating of the fuel to «s2500-2800 K due to radioactive decay 
of the fission products (we believe also that it was due to the effect of the “blanket” of 
covering material). By the end of this stage, in addition to the mass release of volatile 
products, the leakage of refractory elements such as Zr, Nb and Ce (together with fuel) 
could occur. 

Presumably, aerosol contamination of the atmosphere can conditionally be subdivided 
into two main phases; the first being the particles released from the destroyed reactor in 
the first moments after the explosion)s) (partially fused glassy particles could be present 
here) and the second being the ejection of particles during the ongoing process of graphite 
burning and particle formation in the destroyed reactor zone from the condensation of 
gaseous volatile radioactive products. This second phase release in the form of a gaseous 
plume occurred mainly during the first ten days after the accident (including May 5, 1986) 
right up to the time of stabilisation and major drop in temperature. 

Partially fused radioactive particles, analogous to those formed in nuclear explosions, 
were found. A considerable number of these particles were, however, fragile. They 
consisted of different materials; sometimes they were particles of “graphite ash” covered 
by radioactive products (Izrael et al., 1990), resulting largely from the thermodynamically 
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controlled processes that took place in the reactor after the accident. These problems are 
discussed in Abagyan et al. (1986a,b), Sivintsev and Khrulev (1995) and Khodakovsky et 
al. (1993). 

The conditions of radioactive particle formation are of primary importance. According 
to Abagyan et al. (1986a), at the moment of the explosion(s), the fuel was heated up to a 
temperature of 1000-1800 K. Graphite burning and radioactive decay of fission products 
accelerated the heating of the reactor core. The fuel temperature then dropped through 
heat loss to the graphite stack and reactor construction materials. The dropping of material 
by helicopters (about 5000 t) during the period from April 28 to May 2 led to additional 
cooling and drop in temperature to 900 K, due to the reactions of dolomite decarbonization, 
clay dehydration and the melting and evaporation of lead. Later, however, a considerable 
temperature rise took place (up to 2300 K) because of the decreased penetrability of the 
barrier and reduced heat removal under the intense decay of radioactive products. After 
May 5, the temperature began to drop sharply and the intense escape of gaseous radioactive 
products from the destroyed reactor practically ceased; although some radioactive releases 
and outflows were recorded later, their magnitudes were substantially smaller. 

Powers et al. (1987) produced the following evaluation of the fuel temperature. For 
release of the volatile elements (Cs, I), the temperature would have increased from 1200 
to 1400 K between April 26 and May 5; for the elements of mean volatility (Ba, Ce), 
from 1800 to 2300 K and, for the refractory elements (Zr), from 2500 to 3000 K. But, 
as rightly pointed out by Abagyan et al. (1986a), such an approach is only valid when 
the aerosol particles are entirely condensation products. This is the case where the aerosol 
particles could result from mechanical release of dispersed fuel and other transformations. 
So, as the temperature increased and boron carbide (B 4 C), lead, dolomite (CaMg(CO; 02 ), 
sand and clay were dropped onto the reactor from helicopters, a violent reaction from 
the formation of fuel carbides took place, e.g., producing uranium carbides and those of 
other elements (Pu, Zr, Fe, etc.), the oxides of which could be completely transformed 
into carbides over several days at the prevailing temperature of 2300 K. During the 
reaction between PuCT and graphite, PuiOr was formed as an intermediate compound 
(7’melt = 2353 K), its volatility being nearly one order of magnitude higher than that of 
PuCL (Khodakovsky et al., 1993). It seems likely that this led to a certain increase in 
concentrations of - 39 +- 4 (, p u during the deposition of radioactive products from the accident 
outside the boundaries of the 30-km zone southwards (from the 5th to the 8 th day after 
the accident). Carbon black/soot was also formed in the zone of graphite burning where 
there was a lack of oxygen. This could absorb considerable amounts of radioactivity 
onto its surfaces. The radioactive aerosols could be formed, therefore, by mechanical 
fragmentation of graphite and fuel debris by the flow of uprising gases and by condensation 
of volatile radioactive compounds from the gaseous phase. For example, the particular size- 
distribution of l(,3 Ru and 106 Ru particles can be explained by the existence of a highly 
volatile compound of this element—ruthenium tetroxide (Skitovich et al.. 1993). This 
compound was absorbed from the gaseous phase as sub-micron inert particles of about 
0.2 pm in diameter (an analogous effect was observed for the isotopes l37 Cs and l 74 Cs). 

Apparently, certain zones were formed in the reactor that exhibited considerably 
different oxidation-reduction conditions and differences in the forms of the solid and 
gaseous phases. With the complete consumption of oxygen and intense formation of fuel 
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carbides, elements such as Pu, Ba and Ce that normally form oxides were restored and 
hence their volatility increased. In contrast, on coming into contact with the oxygen of the 
air, the gaseous oxides of U, Ru, etc. could be formed along with aerosols resulting from the 
condensation of Cs, Ba-La, Ce, etc. vapors. It is suggested that the ejection of radioactive 
aerosols was significantly reduced by the dumping of materials onto the destroyed reactor 
from helicopters (Sivintsev and Khrulev, 1995). 


2. Characteristic Features of Radioactive Aerosol Particles Produced by the 

Chernobyl Accident and Their Radionuclide Composition 

Immediately after the Chernobyl accident, considerable amounts of highly active 
particles were detected, significantly contributing to the radioactive contamination. The 
particles were found (at distances of dozens of kilometers and beyond) in samples of 
materials such as leaves of trees, grass, etc. that have a certain air-filtering capacity (Izrael 
et a!., 1990). Some dozens of highly active particles were often responsible for up to 90% 
of the total activity contained in soil section samples (taken from an area of about 150 cm 2 ). 

As shown in Section 5.1, the conditions of radioactive particle production in the 
destroyed reactor at Chernobyl changed considerably during the ten day period of intensive 
release and radioactivity outflow to the atmosphere. In this connection, the particles 
detected at different distances and released from the reactor at different times could differ 
significantly both in their structure and in their radionuclide composition. This section 
therefore indicates some of the characteristic features of these highly active particles. It is 
likely that their description will permit us to understand better the radionuclide composition 
of the surface deposition in different zones following the Chernobyl accident. 

In Section 3.8 of Izrael et al. (1990), the results of a study of the highly active particles 
sampled by gauze trays within the CNPS 60-km zone are presented (these particles arose 
from resuspension of surrounding dust). Particles were selected using autoradiography 
with a narrow-collimated radiation detector, followed by study of particle structure using 
a semiconductor gamma-spectrometer. As a rule, the highly active particles were detected 
either as “riders” on larger particles or in conglomerates of less active particles. Note that, 
since the period of resuspension before sampling was up to 3 years after the accident, the 
described conglomerates of particles were probably formed by the interactions between the 
primary particles and atmospheric or soil dust. Particles of active graphite ash/soot found 
in the above samples were easily destroyed by the slight touch of a needle, as were other 
particles of an irregular shape—probably those formed as a result of the production of fuel 
carbides. 

The particles were divided into two groups on the basis of radionuclide composition. In 
the first group (probably formed during the primary or initial releases), the radionuclide 
composition was similar to the non-fractionated composition of fuel and fission fragments 
at the time of the accident. Particles depleted in the refractory products of the accident 
constituted the second group and these were probably formed during the period of graphite 
burning or heating after the inert material was dropped into the reactor. l 27 Cs, l?4 Cs and Ru 
isotopes and other volatile nuclides were significantly enriched in this latter source of 
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Fig. 5.1. Correlation between fractionation factors /| 9 ^(/|'^) (a), (b) and /^(/^) (c) for‘’hot” 

particles sampled from soil in 1987-1988. 


radioactivity. The Ru isotopes prevailed over radiocesium in some particles particularly 
those sampled in the “red” forest 1500 m from the reactor. 

Figure 5.1 shows the correlations between the fractionation factors fw for four pairs 
of radionuclides, with the l37 Cs/ 144 Ce pair being chosen as reference. For 95 Zr/ 144 Ce, 
l06 Ru/ l44 Ce and 125 Sb/ l44 Ce, the activity ratios fw (“accumulated” releases) needed for 
calculations were taken at the time of the accident. The correlations found for the indicated 
fractionation factors are similar to those obtained for nuclear explosions. 95 Zr practically 
does not fractionate relative to l44 Ce, in6 Ru fractionation, on average, is similar to that 
of l37 Cs and l25 Sb exhibits an even higher volatility than l37 Cs (within the 60-km zone 
around the accident). The analysis of samples of radioactive aerosol particles, as presented 
by Gaziev et al. (1993), is of particular interest. 
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Table 5.1 

Fractionation factors, /; 144 , of certain radionuclides in samples taken 
from the radioactive plume on 28th April and 6 th May, 1986 


Radionuclide 

28 April 

6 May 

95 Zr 

1.7 

1.6 

i03 Ru 

3.2 

1.1 

131, 

40 

10 

140 Ba 

2.3 

2.9 

14l Ce 

1.5 

1.4 

137 Cs 

10 

3.5 


Table 5.1 lists the fractionation factors that were found in a typical air sample collected 
by an aircraft on April 28, 1986 from the plume of radioactive products issuing from the 
destroyed reactor. The fractionation factors were again normalized to l 44 Ce. Theoretical 
ratios between the activity of the “accumulated” releases and that at the moment of the 
emergency release were taken from Izrael et al. (1990). The table shows considerable 
fractionation for 141 1 and l 37 Cs, with ,03 Ru next in order. (Note: to arrive at the true 
value for the total iodine content, the experimental values (for the aerosol component) were 
multiplied by two.) Borisov et al. (1993) have analyzed the aerosol and gaseous products 
of the accident using sorption-filtering material so as to separate the two fractions. The 
sampling was conducted during the first half of May 1986, near the accident zone, as well 
as at distance (in the NE Atlantic). The results from the samples taken in the emergency 
zone showed that the radionuclides 95 Zr, 95 Nb, L, 4 Cs, 137 Cs, 140 Ba, l 40 La, l4l Ce and l44 Ce 
were trapped almost entirely in the “aerosol” layer of the filter, while l 03 Ru, 106 Ru, 131 1 
and l32 Te were found in the underlying, absorbing layers of the filter. The similarity of the 
l03 Ru and 106 Ru distributions in the filter suggests that they were present in the air as the 
same gaseous substance (Borisov et al., 1993), most likely as R 11 O 4 . The abundances of 
gaseous compounds of Ru and Te reached 13 and 8 %, respectively. 

The iodine distribution in the absorption layers of the filter pointed to the fact that it was 
present as molecular iodine vapor. The gaseous forms of iodine sampled in the accident 
zone between the 8 th and 19th of May, 1986 ranged from 30 to 90% in abundance. At 
the same time, the gaseous forms of 131 1 amounted to 73-90% of the samples taken in the 
Atlantic. 

From May 8-19th 1986, some sub-micron particles continued to be transported away 
from the reactor. Radioactive isotopes of Zr, Nb, La and Ce were found on particles of 
size 0.7 pm, with Ru, Fe and 1 on 0.4 pm particles. The fraction of gaseous iodine was 
0.5-0.9. Already, by August 1986, aerosol particles in the air were being modified through 
their impact with the soil, vegetation, etc. The aerosol radioactivity concentration actually 
decreased much faster than can be accounted for by decay alone. Thus, for example, the 
secondary aerosol concentration of l37 Cs in the atmosphere fell by a factor of 12 over a 
period of 12 years. This is explained by the burial of cesium isotopes in the soil where they 
exist in strongly bounded chemical forms. The particle sizes for l37 Cs have since 1987 
remained within the range 4-7 pm. Fires cause an increase in the aerosol concentration 
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of 1-2 orders of magnitude. During strong dust storms, the aerosol particles spread over 
distances of hundreds of kilometers (Budyko and Ogorodnikov, 2000). 

Gaziev et al. (1993) have analyzed a number of radioactive particle samples collected 
using an aerosol impactor over the Chernobyl station zone from May 1986 until the end of 
1987. The samples could contain products that have come directly from the reactor itself or, 
as the authors believe, products that have come mainly from the industrial site of the station 
and the adjacent territory over a distance not exceeding several kilometers. The sampled 
particles were divided into two groups: roughly dispersed aerosols with a median diameter 
of 40 pm and finely dispersed ones with a median diameter of 0.4-1.3 pm. The roughly 
dispersed fraction for l44 Ce comprised 85-100%, while, for l37 Cs, it increased from 40% 
in May-June 1986 up to 100% from April 1987 onwards. For l03 Ru, it changed from 10 
to 100%. The characteristics of the 131 1 aerosols were similar to those for 103 Ru and l40 La 
and the characteristics of the 95 Zr + 95 Nb aerosols were similar to those of l44 Ce. 

It is interesting to note that the median diameter of the normal logarithmic distribution 
of particle sizes in the “close-in” radioactive fallout pattern (i.e., up to 100 km from the 
location of the Chernobyl accident) was 50 pm (Izrael et al„ 1990). 

Obviously, a detailed description of radioactive particles is needed to understand fully 
the processes involved in the radionuclide composition of deposited debris. 


3. Terrestrial Contamination from the Chernobyl Accident 

Terrestrial contamination by radioactive materials from the Chernobyl accident resulted 
from the fallout of debris from the radioactive cloud that occurred at the time of the primary 
release and from the plume of volatile radioactive products that was present in the area 
throughout the ten days after the accident. Considerable amounts of radioactive aerosol 
particles, including both refractory and volatile products, were blown into the atmosphere 
during the primary release. Highly dispersed aerosols were deposited on the earth’s surface 
from the plume of volatile products. This process was particularly intensified by rainfall in 
the area and beyond. 

From the first day of the accident, specialists in the field of chemical behaviour 
concentrated their attentions on the area within a radius of 10 km from the accident and 
experts from the State Committee for Hydrometeorology and Environmental Monitoring 
restricted their work to areas outside the limits of the zone and to the European regions of 
the former USSR. Representatives of other departments carried out gamma surveys of the 
radioactive contamination of the atmosphere and of the earth's surface using ground-based 
methods as well as aeroplanes and helicopters. The total number of aircraft equipped with 
roentgenometric, gamma-spectrometric and sampling instrumentation reached 10 during 
the initial period. The results of both the operational and long-term regular observations 
are given in Izrael et al. (1990; 1986) and Izrael (1996). 

During the first few days, the gamma surveys of terrestrial contamination were impeded 
by the existence of the plume of contamination that changed continuously in space and 
time. Even as this occurred, maps of the radiation situation were compiled for both the 
earth’s surface and the altitudes of the aircraft flights. Figure 5.2 shows one of the main 
plume fragments obtained from aircraft measurements on April 27, 1986. 
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Fig. 5.2. Distribution of a plume of radioactive products at a height of 200 m on April 27. 1986. Gamma-radiation 
dose rate in mR/hr (I niR/hr ~ 10 pGy/hr). 


Figure 5.3 shows the regional radiation situation obtained from aircraft measurements 
(height h = 200 m). Although some parts of the terrestrial contamination pattern could be 
distinguished, it was difficult to separate the terrestrial contamination from the atmospheric 
contamination. 

The first detailed map of the close-in radiation pattern (isolines of exposure dose rate 
at a height of 1 m) for the terrestrial contamination existing at a distance up to 100 km 
from the accident site was compiled on May 1, 1986 and submitted to the Governmental 
Commission the following day. Such a presentation only became possible after the gamma- 
radiation contained in the plume and that in the terrestrial contamination became distinctly 
separated over the vast territory. Contamination continued to occur, however, especially in 
a southwards direction, even at later dates (lzrael et al., 1990). 

During ApriDMay 1986, gamma surveys of atmospheric and terrestrial contamination 
were carried out on a daily basis and at later dates on a regular basis, according to a 
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Fig, 5.3. Distribution of gamma-radiation dose rate (mR/hr) based on aircraft measurements at a height of 200 m 
on April 29, 1986 (1 mR/hr % 10 pGy/hr). 


prescribed schedule. On May 2, 1986, a decision was made to evacuate the population 
from the 30-km zone around the accident site because of the radiation situation on the 
ground and the continuing presence of a radioactive volatile plume from the destroyed 
reactor. Some time later, the population was evacuated from zones where the radiation 
levels were above 5 mR/hr (%50 pGy/hr) as normalised to May 10, 1986 (this corresponds 
to a criterion of 10 rent (100 mSv) for the maximum admissible dose for the first year’s 
exposure after the accident, as determined by the Ministry of Public Health of the USSR). 

Figure 5.4 shows the dose rate map prepared from surveys conducted in early May 
(doses are normalised to May 10, 1986, the time when the plume of volatile radioactive 
products ceased to escape from the destroyed reactor (Izrael et al., 1990; 1986)). The 
western pattern is clearly pronounced on the map (isoline of 5 mR/hr (%50 pGy/hr) 
on May 10, 1986 extending to 75-85 km from the accident site), as well as the 
southwestern and northern patterns (40^)5 km long) and that to the south. The evacuation 
zone of complete restriction had an area of about 3000 km 2 and radiation levels above 
20 mR/hr (~200 p.Gy/hr) extended over an area of 1100 km 2 on May 10, 1986 (Izrael 
et al., 1990; Izrael et al., 1986). During the same time period, airborne gamma-surveys 
of the contaminated area over the whole European part of the USSR were conducted. 
These enabled us to single out newly contaminated zones and separate patterns of increased 
contamination (see Fig. 5.5) (Izrael et al., 1990; 1986). 
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Fig. 5.4. Map of gamma-radiation dose rate (mR/hr) at a height of 1 m on May 10, 1986 (1 mR/hr 10 pGy/hr). 


Apart from a central zone of high contamination, namely the “Gomel’-Mogilev- 
Bryansk” area that was easily distinguished on the map, another zone extended southwards- 
southwestwards from the accident site. The survey showed that an area with radiation levels 
above 0.2 mR/hr (%2 pGy/hr) covered more than 200 x 10 2 km 2 (Izrael, 1996b). 

In parallel with the aerial surveys, extensive soil sampling was carried out in the 
contaminated areas, with laboratory analyses of individual radionuclides being made. 
Along with the airborne gamma-spectral measurements, these allowed us to compile the 
first maps of the radionuclide composition of the contaminated areas as soon as May- 
early June, 1986. Vast areas were contaminated in different directions as a result of the 
duration of the radioactive product release and the complicated meteorological conditions 
that followed the accident. 

Figure 5.6 shows the temporal changes in energy release from the total inventory of 
radioactive products in the close-in pattern compared to the theoretical change in the energy 
release for the radioactive products in the reactor (operation time—1000 days) along with 
the calculated change in the energy release from the radioactive products in soil samples 
taken in the western and northern sectors of the close-in pattern (1-10 mR/hr; 1 mR/hr 
%10 pGy/hr). 

Figure 5.7 presents the contours for radioactive contamination of the USSR at the 
0.05 mR/hr (~0.5 pGy/hr) level as obtained from the aircraft gamma-surveys conducted 
during the first ten days of June 1986. The quantity of radioactive products deposited over 
the USSR territory generated approximately 1.2 x 10 8 (R/hr)m 2 [1.2 (MGy/hr)m 2 ] (i.e., 
the measured dose rate normalised to a height of 1 m) or 5.0 x 10* / MeV/s beyond the 
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Fig. 5.5. Map of gamma-radiation dose rate (mR/hr) over the European sector of the USSR as determined by 
airborne gamma surveys from April 30 to May 7, 1986 (I mR/hr 10 pGy/hr). 


boundaries of the close-in fallout pattern. The total deposition was 9.0 x 10 17 MeV/s 
in the close-in and distant zones (1.11-1.665 EBq (30—45 MCi) according to an average 
energy release per decay (MeV/decay) or 3.5-4.5% of the total theoretical energy release 
of the radioactive products in the reactor for the given period. According to Kolobashkin 
et al. (1983), 10 days after the reactor ceased to operate (i.e.. May 5, 1986) the average 
energy yield was equal to 571 keV/decay (gamma-quanta); in this case, 9 x 10 17 MeV/s 
corresponds to 1.57 EBq (42.6 MCi). 

The quantity of radioactive products expressed in energy release units (MeV/s) and in 
integral units (R/hr) deposited in the close-in fallout pattern (outside the industrial site of 
the power station) is shown in Table 5.2. A detailed study of the dynamics of the temporal 
variations in areas with different exposure dose rates was performed using the results of 
the extensive airborne gamma-surveys of terrestrial contamination (Fig. 5.8). 

As mentioned above, some radioactive contamination patterns were created on the 
ground surface after the CNPS accident, patterns which were characterised by different 
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relative units 



Fig. 5.6. Time-variation of the energy release from the radioactive products in the close-in fallout pattern: 
I — theoretical curve: 2 — total for the fallout pattern; 3 — the curve based on soil samples (from the northwest 
zone where radiation levels were 1-10 mR/hr (% 10-100 pGy/hr)). 


Table 5.2 

Total fallout radioactivity in close-in pattern (outside the industrial site), 1986 


Date of survey of fallout pattern 

Integral (R/hr) m 2 
h = 1 m 

Amount of radioactivity in the close-in 
fallout pattern (MeV/s) 

29 April (D + 3) 

l.75x I0 8 

7.3x 10 17 

1 May (D + 5) 

1.45x10® 

6.1 x It) 17 

5 May (D + 9) 

9.9 x I0 7 

4.1 x 1() 17 

10 May (D+ 15) 

7.9 xIO 7 

3.3x I0 17 

29 May (D + 33) 

4.4 xIO 7 

1.8xl0 17 

26 June (D + 61) 

2.5 x I0 7 

l.lxlO 17 

13 July (D + 78) 

l.65x It) 7 

6.6xl0 16 


radiation dose rate levels as a function of distance from the accident site; the rate of 
decrease of radiation levels was time-dependent and, in general, all of these features 
were associated with differences in the nuclide composition of the contamination (to be 
discussed in detail in Section 5.4). Figure 5.9 presents the change in these dose rates along 
the pattern’s axis. 

These studies of radioactive contamination demonstrated that contamination was 
extremely spotty, a spottiness related to features of the meteorological record such as the 
occurrence of heavy rains in some regions that enhanced the radionuclide deposition on 
the surface. This effect resulted in the formation of “caesium hotspots” in the territory of 
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Fig. 5.7. Distribution of gamma-radiation dose rate along the 0.05 mR/hr (0.5 pGy/hr) isoline in the territory of 
the USSR on June 10, 1986. 


days 



Fig. 5.8. Temporal change of the areas within specific dose rate isolines (based on airborne survey data). 
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mR/hr 



Fig. 5.9. Change in gamma-radiation dose rate (! mR/hr ~ |() (j.Gy/hr) (h = 1 m) along the fallout pattern axis. 
1.4 — survey from An-30 aircraft on May 29. 1986; 2.3 — survey from Mi-8 helicopter. May 15, 1986. 


Belarus (Gomel and Mogilev regions), in Russia (Bryansk, Tula regions) and in Austria, 
Germany, Italy and Sweden (Izrael et al., 1990; Hohenemser and Renn, 1988). Figure 5.10 
shows the dependence of deposition on distance. The first line is for areas where there 
was precipitation, the other for areas where there was no precipitation. In these two cases, 
the intensity of contamination differed by more than an order of magnitude (at the same 
distance from the site). The quantities of radioactive materials deposited at considerable 
distances were more pronounced where there was precipitation (e.g., in Southern Bavaria) 
than in Kiev, where there was no precipitation during the generation of contaminated areas. 
During the process of pattern formation, features of landscape also play an essential role. 


4. Radionuclide Composition of the Terrestrial Contamination from the 
Chernobyl Accident 

As noted in previous sections, a cloud was formed during the initial phase of the releases 
from the Chernobyl NPS accident. The plume of gaseous and aerosol products continued 
to exist for a long period of time resulting in radioactive contamination on the ground. 
The unusual character of the contamination source with a continuing introduction of 
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Fig. 5.10. Ground-surface gamma-radiation dose rates measured taking into account precipitation in the regions 
of radioactive deposition 7-10 days after the Chernobyl accident. The dose rates are measured in units of 
natural background, assumed to be 0.01 mR/hr (=»0.1 pGy/hr). and relate to the distance from Chernobyl, as 
P(R) = ( 6.9 x 10 4 )/? 1 4 ; 1—no precipitation: 2 — precipitation. 

new radioactive materials into the plume, in combination with unstable meteorological 
situations, in which the wind constantly changed direction, led to the formation of 
very complicated contamination zones (in terms of their structure and radionuclide 
composition) in the environment. The structural characteristics of the contamination zones 
and their gamma-ray fluxes have been considered in Section 5.3. Here we report details of 
the radionuclide composition of the contamination in the context of its spatial distribution 
on the surface. 

The nuclide composition of the terrestrial contamination was determined by deploying 
aircraft and ground vehicles as well as by laboratory analyses of samples taken by 
ground teams. Aircraft measurements were earned out mainly with semiconductor 
gamma-spectrometric instruments. A full complex range of modern spectrometric and 
radiochemical methods was used for the laboratory analyses, making it possible to measure 
the gamma, beta and alpha radiation with high accuracy. 

The first series of soil sampling was carried out on April 30, 1986 in directions 
westwards and southwards from the Chernobyl nuclear station (Izrael et al., 1987b). The 
subsequent soil sampling series were performed after taking into account the specific 
information on the radioactive fallout distribution gained from the aerial surveys. In 
the spectra that were measured during the days after the accident, gamma-lines of the 
following radionuclides were identified: 239 Np, "Mo ( 99 Tc), 132 Te, 131 I, 14 l) Ba, 140 La, 
14l Ce, 103 Ru, 95 Zr, 95 Nb, 144 Ce, l06 Ru, l34 Csand 137 Cs. 89 Sr, 90 Sr and 91 Y were identified 
via radiochemical analyses in the laboratory and measurements of the longer-lived alpha- 
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emitters 238 Pu, 239 Pu and 240 Pu were begun. Later 241 Am, 24l Cm and 242 Cm were 
identified, gamma-lines being one set of criteria used for 241 Am identification. 

Examinations of the generalised radionuclide data for the period April 26-May 5, 1986 
permitted the soil samples to be grouped into three sectors “South”, “West” and “North” 
according to the distribution of the radioactive material. Also taking into consideration the 
radionuclide composition of the radioactive materials depositing on the earth's surface, 
along with the contamination density and the distance from the source, three zones were 
singled out within each sector in accordance with the gamma-ray fluxes at D+ 15: (i) Py ^ 
10 mR/hr, i.e., P y 7 100 p.Gy/hr, (ii) 2 7 P y < 10 mR/hr, i.e., 20 7 P y < 100 pGy/hr 
and (iii) P y <2 mR/hr, i.e., P y < 20 pGy/hr. The identification of the zones to which any 
particular sample belonged was made on the basis of the dose rate P y at the sampling point 
at the time D + 15. 

Table 5.3 presents the results of the nuclide analyses of the soil samples in the form of 
averages for each zone, with activity ratios (A, /A^lo for April 26, 1986 and averaged 
oi/Py values for May 10, 1986, where 07 is the 1 th nuclide's terrestrial contamination 
density. The table also shows averages for the zones' fractionation factors /).95 = 
(Ai/A 95 ) 0 /(Yi/Y 95 ), thereby characterising the variation in radionuclide composition in 
individual groups of samples as compared to the calculated theoretical composition. The 
data are normalized to 95 Zr, where K, is the /th radionuclide’s production and P 95 that for 
95 Zr in the reactor at the time of the accident. 

Average values for the parameters (A, 7 ^ 95)0 and (< 7 , 7 / 7 ) over groups of samples 
depended on both the direction from the contamination source and the level of ground 
contamination within each sector. The most significant characteristic of a radionuclide’s 
behavior was the fractionation factor. The deviation of this factor from unity is indicative 
of the degree of radionuclide volatility compared to the refractory nuclide 95 Zr. The 
fractionation factor's variation with distance from the source was considered to be the most 
important characteristic when estimating radionuclide volatility. Accordingly, tellurium, 
iodine and caesium were found to be the most volatile radionuclides. The volatilities of the 
radionuclides in the contaminated zones under consideration were close to 95 Zr, i.e., they 
were fractionated only weakly relative to 93 Zr at a distance of 100 km from the source. 

Based on the data on surface contamination density in various zones, alongside the dose 
rate values on D + 15, the activities for some radionuclides in the close-in zone of the 
fallout pattern were estimated (Table 5.4). The nuclides shown in Tables 5.3 and 5.4 can 
be subdivided into at least three groups based on their degree of fractionation (as will soon 
become evident, this characterises their volatility—the larger the fractionation factor of the 
i th nuclide relative to non-volatile 93 Zr, the higher the volatility of this radionuclide): 

(i) radionuclides with high fractionation factors ( 137 Cs, l 34 Cs, l 32 Te, 131 Y, l 25 Sb, 
110,11 Ag—the volatile nuclides); 

(ii) radionuclides with low fractionation factors; however, their behaviour differed from 
that of 95 Zr at some sites (particularly, southwards), l 40 Ba, 90 Sr, 91 Y, sometimes 
i 03 Ru and l 06 Ru; 

(iii) radionuclides whose behaviour very closely resembled that of 9? Zr (the refractory 
nuclides)— l 4 l Ce, "Mo. 239 Np, sometimes l 03 Ru, l 06 Ru, 9 (! Sr. 
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Table 5.3 

Radionuclide composition of soils in contaminated area 


Radionuclide 

Py 

Zone I 

10 inR/hr 

Zone II 

2 mR/hr $ P y < 10 mR/hr 

Py 

Zone 111 
< 2 tnR/hr 

Aj / Ag $ 

fi. 95 

Oj/Py 

Ai / Ag 5 

fi.95 

Oi/Py 

Ai/Ag 5 

fi.95 

Cti/Py 





’South" sector 





239 Np 

8.0 

- 

2.5 

- 

- 

- 

14 

~ 

1.4 

w Mo 

0.45 

0.5 

0.07 

- 

- 

- 

2.5 

2.8 

0.9 

!32 T e 

1.4 

1.9 

1.1 

0.9 

1.2 

0.8 

1.3 

1.8 

0.8 

131, 

0.6 

1.0 

4.0 

0.6 

1.0 

5.0 

2.0 

3.3 

8.0 

140 Ba 

0.8 

0.8 

9.0 

0.9 

1.0 

13 

1.0 

1.0 

8.0 

14 'Cc 

1.1 

1.2 

18 

1.1 

1.2 

25 

1.0 

1.0 

13 

103 Ru 

0.7 

0.7 

13 

0.7 

0.7 

17 

0.8 

0.7 

10 

89 Sr 

0.2 

0.4 

5.0 

1.6 

3.0 

6.0 

1.2 

2.5 

16 

9I y 

0.3 

0.45 

5.0 

- 

- 

11 

0.8 

1.2 

12 

95 Zr 

1.0 

1.0 

20 

1.0 

1.0 

27 

1.0 

1.0 

15 

l44 Ce 

0.7 

0.7 

16 

0.6 

0.6 

20 

0.6 

0.6 

10 

106 Ru 

0.3 

0.5 

7.0 

0.2 

0.35 

7.0 

0.3 

0.5 

3.8 

l34 Cs 

0.01 

0.07 

0.2 

0.015 

0.1 

0.5 

0.03 

0.2 

0.5 

9(, Sr 

0.02 

0.3 

0.35 

0.16 

2.0 

0.8 

0.15 

2.0 

2.2 

l37 Cs 

0.03 

0.3 

0.5 

0.04 

0.4 

0.9 

0.1 

0.9 

1.2 





"West” sector 





239 Np 

6.0 

- 

1.7 

9.0 

- 

2.0 

5.0 

- 

0.9 

"Mo 

1.4 

1.6 

1.0 

1.4 

1.6 

0.3 

1.5 

1.7 

0.3 

l32 Tg 

1.4 

1.9 

1.0 

3.8 

5.3 

1.8 

3.6 

5.0 

1.8 

13., 

0.9 

1.5 

4.0 

3.0 

5.0 

10 

3.0 

5.0 

7.0 

l40 Ba 

l.l 

1.0 

10 

1.6 

1.5 

10 

1.4 

1.3 

14 

14 'Cc 

0.9 

1.0 

13 

l.l 

1.2 

17 

0.9 

1.0 

7.5 

103 Ru 

0.8 

0.7 

13 

0.7 

0.7 

II 

0.7 

0.7 

14 

89 Sr 

0.14 

0.3 

2.5 

0.6 

1.3 

6.0 

0.7 

1.5 

8.5 

91 Y 

0.2 

0.3 

4.0 

0.6 

0.9 

9.0 

0.9 

1.4 

11 

9S Zr 

1.0 

1.0 

20 

1.0 

1.0 

19 

1.0 

1.0 

20 

l44 Ce 

0.6 

0.6 

11 

0.7 

0.7 

15 

0.6 

0.6 

7.0 

106r u 

0.25 

0.4 

5.0 

0.3 

0.5 

6.2 

0.2 

0.35 

2.6 

l34 Cs 

0.02 

0.13 

0.4 

0.14 

0.9 

1.5 

0.13 

0.9 

1.7 

w Sr 

0.02 

0.3 

0.3 

0.03 

0.4 

0.4 

0.1 

1.3 

1.6 

l37 Cs 

0.5 

0.5 

1.0 

0.2 

1.8 

2.1 

0.2 

1.8 

2.7 





''North" sector 





239 Np 

16 

- 

5.0 

- 

- 

- 

2.0 

- 

3.0 

"Mo 

- 

- 

- 

- 

- 

- 


- 


I32 je 

1.7 

2.4 

3.8 

10 

14 

II 

5.0 

7.0 

5.0 

131, 

3.0 

5.0 

13 

6.0 

10 

35 

5.0 

8.0 

40 

l40 Ba 

1.0 

1.0 

7.0 

l.l 

1.0 

17 

1.0 

1.0 

13 

l4l Cc 

1.1 

1.2 

16 

l.l 

1.2 

27 

l.l 

1.2 

27 

1"3 Ru 

1.0 

0.9 

14 

1.6 

1.5 

37 

1.4 

1.3 

31 

89 Sr 

0.2 

0.4 

3.0 

0.3 

1.6 

7.0 

0.2 

0.4 

3.0 

91 Y 

0.3 

0.45 

4.5 

0.5 

0.8 

9.0 

0.1 

0.15 

2.0 

95 Zr 

1.0 

1.0 

14 

1.0 

1.0 

30 

1.0 

1.0 

30 
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Table 5.3 — Continued 


Radionuclide 


Zone I 



Zone II 



Zone III 


Py 

^ 10 mR/hr 


2 mR/hr sj P y < 10 mR/hr 

p y 

. < 2 mR/hr 


AM 95 

fi. 95 a i/ p y 

AM 95 

fi.95 

Oj/Py 

AM 95 

fi. 95 a il Py 

l44 Ce 

0.65 

0.7 

12 

0.6 

0.6 

21 

0.7 

0.7 22 

106ru 

0.3 

0.5 

6.0 

0.4 

0.7 

11 

0.3 

0.5 9.0 

l34 Cs 

0.1 

0.7 

1.5 

0.18 

1.2 

5.0 

0.13 

0.9 4.0 

90 Sr 

0.02 

0.3 

0.4 

0.03 

0.4 

0.9 

0.02 

0.3 0.6 

137 Cs 

0.2 

1.8 

3.5 

0.3 

2.7 

9.4 

0.03 

2.7 7.8 

Note. Aj M95 is the /' th radionuclide activity relative to the 

95 Zr activity at the moment of the accident; f u 95— 

fractionation factor; < 7 ,/ Py- 

-contamination density ratio to the dose rate at a 

height of 1 

m on 10 May. 1986 

(mCi/km 2 /mR/hr). 

1 mCi/km 2 = 37 mBq/km 2 ; 

1 MR/hr 

10 pGy/hr. 





Table 5.4 

Inventory of radionuclide activity in the close-in (up to 40 km) zone of the fallout pattern on D + 15 

Radionuclide 

Radionuclide 
activity (Ci) 

Inventory of deposited radionuclide on D+ 15 
compared with total activity in the reactor 

132 Te 

2.5 x 

I0 6 

5.0 

13 'I 

1.3 x 

10 6 

5.1 

l40 Ba 

9.1 x 

10 s 

1.4 

14 'Ce 

1.7 x 

10 6 

1.7 

I03 Ru 

1.5 x 

10 6 

1.4 

S9 Sr 

6.2 x 

10 s 

1.2 

91 y 

6.4 x 

10 5 

0.85 

95 Zr 

1.8 x 

I0 6 

1.5 

144 Ce 

1.3 x 

10 6 

1.0 

l06 Ru 

5.7 x 

I0 5 

0.8 

l34 Cs 

1.3 x 

I0 5 

0.6 

i37 Cs 

K) 

be 

X 

10 5 

1.9 

90 Sr 

8.5 x 

10 4 

0.85 

Total amount 

1.1 X 

10 7 

Average 1.6 


1 Ci = 37 GBq. 


A clear and pronounced fractionation effect was noted within the so called “caesium 
hotspots” (to the north-east, i.e., Gomel, Mogilev, Bryansk, Tula regions) where the 
fractionation factors of 137 Cs, 134 Cs, 131 Y, 125 Sb and ,10m Ag reached the hundreds and 
above, relative to 95 Zr (Table 5.5). Evidently, these patterns, spaced at hundreds and 
even thousands of kilometres from the accident site, were formed when highly dispersed 
particles of volatile nuclides were distributed within the fallout zones during heavy rains. 
103r u , io6r u anc | even i40g a b e h avec i as volatile species relative to 95 Zr within these spots. 
Integration of the nuclides over the contaminated area within the limits of the close-in 
fallout pattern (up to 40 km from the accident site) gave the total inventories for these 
nuclides shown in Table 5.4. 
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Table 5.5 

Averaged radionuclide composition of soil contamination and radionuclide fractionation within radiocesium 
fallout patterns 


Radionuclide Mogilev region, Gomel region, Tulsk region, 

Krasnopolsky district Vetkovsky district Plavsk 



A i/ A 95 

fi, 95 

Ai/A 95 

fi, 95 

A i/A95 

fi, 95 

131! 

200 

290 

130 

190 



140 Ba 

15 

15 

10 

10 



141 Ce 

1.5 

1.5 

1.5 

1.5 



103 Ru 

36 

36 

18 

18 



89 Sr 

3.3 

8.3 

2.8 

7.0 



ll0m A g 

0.1 

100 

0.11 

110 

0.19 

190 

144 Ce 

0.9 

1.3 

1.4 

2.0 

1.0 

1.4 

i06 Ru 

11 

28 

13 

32 

7.2 

18 

l25 Sb 

0.6 

150 

0.6 

150 

1.0 

250 

90 Sr 

0.2 

5.0 

0.3 

7.5 



137 Cs 

21 

370 

9.2 

170 

14 

250 


Table 5.6 

The external gamma-radiation dose on the terrain normalised to a dose rate of 1 mR/hr on D + 15 for certain parts 
of the radioactive fallout pattern, R 

Sector 

Zone 

Dose from the total nuclide composition (R) 

Dose from 

l37 Cs (R) 

From D + 1 
to I year 

From 1 year 
to 50 years 

From D + 1 
to 1 year 

From 1 year 
to 50 years 

“North” 

1 

2.5 

6.9 

0.21 

6.05 


11 

2.5 

8.3 

0.25 

7.2 


HI 

2.5 

9.1 

0.28 

8.2 

“South” 

I 

2.4 

1.6 

0.038 

1.1 


II 

2.1 

1.9 

0.049 

1.4 


III 

2.4 

3.7 

0.11 

3.11 

“West” 

I 

2.2 

2.0 

0.054 

1.6 


11 

2.3 

5.7 

0.16 

4.8 


III 

2.3 

6.0 

0.18 

5.2 


1 mR/hr %10 pGy/hr; 1 R ^10 mGy. 


In connection with calculations of dose rate and total exposure dose, the variability in 
the fractionation of the nuclides needs to be taken into account, particularly in the light of 
its magnitude and importance. An outline of such a calculation is shown below together 
with the results for different situations (Table 5.6). 

To estimate the changes in gamma dose rate in different areas of the radioactive fallout 
footprint, the gamma-activity of the total inventory of radionuclides deposited on the 
earth’s surface was calculated as a function of time. For each of the nine zones, an 
average for the segment’s A, /A 95 ratio was assumed as a generalised characteristic of the 
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radionuclide composition. The dose rate, P Y (t ), was assumed to be related to the energy 
release function, ^ £,(/), of the total radionuclide inventory, as follows: 


Py(t) = K £>(0, 

(5.1) 

A i \ t 

Ei(t) = K Yi -fc- x ‘\ 

A 95 

(5.2) 


where AC,- is the total ionisation gamma-constant of the rth radionuclide, (R • km 2 )/ 
(hr mCi); A.,-—decay constant, hr -1 ; K—normalizing factor. Average (A;/A 95 )o ratios 
were also used to estimate the exposure dose of the external gamma-radiation by 
integrating expression (5.1) within the time intervals “1 day-1 year”and“1 year-50 years”: 

D(t \, t 2 ) — f ‘ Py(t) dt = K Kyj jf " e _A '' At. (5.3) 

In this case, the normalisation factor K is selected to satisfy the condition P Y = 1 mR/hr 
(=alO pGy/hr) at D + 15. The results of the calculations for the external dose are given 
in Table 5.6 (Izrael et al., 1987b). Fig. 5.11 shows the variations in dose rates (similarly 
normalised for different areas (Izrael et ah, 1990). 

In early June 1986, the first sketch maps of the terrestrial contamination by the nuclides 
140 La, l 03 Ru, 95 Zr + 95 Nb at distances ranging up to hundreds of kilometres from 
the accident site were compiled (Izrael et ah, 1987b). The survey was conducted by 
M.V. Nikiforov using gamma-spectrometers installed on aircraft (for l 40 La, see Fig. 5.12). 
All the maps clearly show the northern (Mogilev-Gomel), western and south-south¬ 
western (between Cherkassy and Vinnitsa) deposition patterns separate from the central 
area. The highest contamination level on these maps (outside the 60-km zone) was 
observed for l03 Ru (370 GBq/km 2 (10 Ci/km 2 ) and above) and the lowest for Zr + 9 ? Nb. 

The measurements of the terrestrial contamination by the most hazardous long-lived 
nuclides ( l 37 Cs, l 34 Cs, 90 Sr, 239 + 240 Pu, etc.) were carried out to a high accuracy, including 
the ground-based measurements conducted over many years under the leadership of Stukin 
at reference points within the 60-km zone around the accident site. The 1,7 Cs inventory at 
the earth’s surface was measured repeatedly from April 1986 over a vast area using both 
airborne gamma-surveys (over 40 surveys during the decade) and ground-based methods. 
As new analytical and statistical information became available, the data became more 
refined and the maps more detailed. 

In 1998, an Atlas of l37 Cs and other radionuclide contamination in the Russian 
Federation, the Ukraine and Belarus (Izrael et al., 1998) and an Atlas of Chernobyl l37 Cs 
contamination over the whole of Europe (De Cort et al., 1998) were published. Figure 5.13 
depicts the contamination over Europe while Fig. 5.14 presents maps of 137 Cs and 90 Sr 
terrestrial contamination over the European part of the former USSR in 1989 (Izrael, 1989; 
Izrael, 1990; Izrael, 1998). Figure 5.15 shows a map of l37 Cs fractionation relative to 
l44 Ce in the close-in zone. Table 5.7 presents areas of different contamination density over 
individual regions of the Russian Federation (Izrael et al., 1994a). 
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Fig. 5.11. Changes in external gamma-radiation dose rates from the Chernobyl deposition in some contaminated 
regions normalized to P = l mR/hr («k 10 pGy/hr) 15 days after the accident (points are in situ measurement data). 
1 — the initial composition; 2 — the north (Bragin); 3 — the south (Kiev); 4 — the west (Vilcha); 5 — caesium 
hotspots; 6 — the region south of Kiev. 


The data on 229 - 240 p u terrestrial contamination in 1986 and 1989 (Fig. 5.16) agree well, 
although Fu results for 1986 were relatively scarce. Analogous results were also obtained 
for yo Sr. It was apparent from these data that the 2 ,9 240 p u distribution was essentially 
limited to the restriction zone (to ~30 km). As to 90 Sr, the 3 Ci/km 2 (111 GBq/knr) isoline 
(adopted as the maximum permissible value for the population in 1986) was insignificantly 
beyond the limits of the 30-km zone (see Fig. 5.14). 

Data on the terrestrial contamination by l34 Cs, l37 Cs, 1()6 Ru, 90 Sr, l44 Ce, 238 Pu, 
239+240pm 241 Am and 242 Cm within the 60-km zone around the Chernobyl NPS were 
included in the Atlas (Izrael et al., 1998). The 2 - l9 + 240 p u contamination in the close-in zone, 
compiled on the basis of its correlation with 144 Ce, is shown in Fig. 5.17. A map of the 90 Sr 
distribution in 1996, as presented in the Atlas (Izrael et ah, 1998), is shown in Fig. 5.18, 
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Fig. 5.12. Map of ,4() La contamination, 2-12 June, 1986. 









n □ □ □ n 

No data 0.0-0.4 0.4-2.0 2.0-10 IO-»0 40-185 185-1480 >1480 

kBq/m 2 

Fig. 5.13. l37 Cs contamination over Europe. 

including the directions of the contaminated patterns after the Chernobyl accident. The 
dates of formation of the individual fallout patterns are also indicated. 

As already noted, the alpha- and gamma-emitting 241 Am (which accumulates as a result 
of 24 ! Pu decay) was identified in the contaminated area in 1986. Figure 5.19 shows the 
241 Am accumulation rate and the predicted variation with time of the total alpha-activity 
of the Chernobyl-derived radionuclides. An outline of 131 1 terrestrial contamination 
(Fig. 5.20) was compiled on the basis of the meteorological data in the first days after 
the accident. Since 131 1 is highly volatile, this map indicates only a potential fraction of the 
131 1 exposure of the population. Data from the reconstruction of the 131 1 deposition density 
(Petkevich et al., 1994) yielded higher values. 

From the map (Fig. 5.13) of the Chernobyl 137 Cs contamination over the whole of 
Europe, one can estimate the adjusted amount of Chernobyl 137 Cs that was deposited 
in 1986 to be about 1.72 MCi (63.64 PBq) (minus the 137 Cs from global fallout). 
From corrected and more precise data in the “Atlas of Caesium Deposition on Europe 
















































































Fig. 5.14. , ,7 Cs (left) and 90 Sr (right) contamination over the former USSR, 1989. l37 Cs (Ci/km 2 ): 1, 1-5; 2, 5-15; 3, 15—40; 4. > 40. 90 Sr (Ci/km 2 ): 5, 1-2; 6, 2-3 
7. > 3 (8, 30 km boundary). (1 Ci/km 2 = 37 GBq/km 2 .) 


. < r"' «£%)!» 

T "~ P ° 1 ' ) ! > 

) KJimeTniuku 7 ! i f 

.J 

M.( 





















174 


Radioactive Fallout after Nuclear Explosions and Accidents 



Fig. 5.15. Part of a sketch map of the distribution of the fractionation factor, fffi, including that within the 
30-km zone (the survey scale is 1:500000). 











Fig. 5.16. 239 + 240 p u terrestrial contamination density, December 1989. 1 — isoline 0.1 Ci/km 2 (3.7 GBq/km 2 ); 2 — the 30-km zone boundary; 3 — the zone with 
contamination levels above 0.1 Ci/km 2 . 
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Fig. 5.17. Radioactive contamination (Ci/km 2 ) of the surrounding land by (a) lllfl Ru, (b) 2f) Sr and (c) -39+-40p u 
in the Chernobyl close-in zone from data from the reference network; also showing the calculated map of the 
contamination by 2 - 19 +240p u cons t ruc ted from data on l44 Ce contamination (d) (1 Ci/knr = 37 GBq/knf). 
(a), (b)— 1989; (c), (d) — 1990. 




Fig. 5.18. Schematic map of radioactivity patterns in the 60-km close-in zone after the Chernobyl accident. Dates of pattern formation and outlines of the land 
contamination by 90 Sr are shown (black is > 3 Ci/km 2 ). 
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Table 5.7 

Areas (km 2 ) within regions and republics of Russia with ,27 Cs contamination levels above 1 Ci/km 2 
(37 GBq/km 2 ), December 1993 


Region/Republic 

Area of region/republic 


Contamination 

level (Ci/km 2 ) 



(thousands of km 2 ) 

1-5 

5-15 

15^40 

>40 

Belgorod 

27.1 

1620 

- 

- 

- 

Bryansk 

34.9 

6750 

2628 

2130 

310 

Voronezh 

52.4 

1320 

- 

- 

- 

Kaluga 

29.9 

3500 

1419 

- 

- 

Kursk 

29.8 

1220 

- 

- 

_ 

Lipetsk 

24.1 

1619 

- 

- 

- 

Leningrad 

85.9 

850 

- 

- 

- 

Nizhegorod 

74.8 

250 

- 

- 

- 

Orlov 

24.7 

8840 

132 

- 

- 

Penza 

43.2 

4130 

_ 

- 

- 

Ryazan 

39.6 

5320 

- 

- 

- 

Saratov 

100.2 

150 

- 

- 

- 

Smolensk 

49.8 

100 

- 

- 

- 

Tambov 

34.3 

510 

- 

- 

- 

Tula 

25.7 

10320 

1271 

- 

- 

Ulyanov 

37.3 

1100 

- 

- 

- 

Mordovy 

26.2 

1900 

- 

- 

- 

Tatarstan 

68.0 

110 

- 

- 

- 

Chuvashy 

18.0 

80 

- 

- 

- 

Total 


49760 

5450 

2130 

310 


1 Ci/km 2 = 37 GBq/km 2 . 


after the Chernobyl accident” (De Cort et al„ 1998), the amounts of Chernobyl 137 Cs 
that were deposited in 1986 on the territories of individual countries (in PBq) were 
as follows: Russia—19.9, Belarus—15.0, Ukraine—12.0, Sweden—2.9, Austria—1.6, 
Finland—3.1, Norway—2.0, Estonia—0.05, Latvia—0.055, Lithuania—0.24, Moldova— 
0.34 (the aggregate total on the former USSR was 47.6 PBq or 1.29 MCi, see Table 5.7). 
These data, shown in Table 5.8 in the “Corrected data” column, are more accurate than the 
information obtained in the first year after the accident (Hohenemser and Renn, 1988). 

The above data allowed accurate calculations to be made of the doses received by the 
population living in the contaminated zones and to take the necessary remedial actions 
during the initial phase after the accident and in the years that followed. 


5. Analysis and Reconstruction of the Source of Radioactivity Release from the 
Chernobyl Accident 

Data relating to the sources of the radioactivity released by nuclear explosions and 
accidents (e.g., source height, radioactivity amount, dynamics of radioactivity release) 
are needed to estimate the total scale of the resulting contamination. Meteorological 
information is also required for the preparation of forecasts of the radiological situation 
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Time after the accident, number of years 


Fig. 5.19. Temporal variation of the total alpha-activity of the Chernobyl radionuclides (1 MCi = 37 PBq). 


(i.e., the concentrations and density of contamination by specific radionuclides) both in 
the atmosphere and on the ground. As to underground nuclear explosions and atomic 
accidents, when the radioactivity can be released to the environment over a long period 
of time, information on the dynamics of release (e.g., of the total amounts and the 
particular radionuclides) as a function of time is of exceptional importance. It is especially 
important in the case of atomic accidents because the quantity of radioactivity released 
and its distribution with time are practically unknown during the initial stages and must 
be reconstructed mainly through a “reverse” approach, i.e., by integration of the amounts 
of radioactivity on the surface (and, to some degree, in the atmosphere) and taking the 
meteorological conditions into consideration. It is important to emphasize that information 
on the temporal distribution of the radioactivity released into the environment and on the 
typical features of transport for each radionuclide i (i.e., the function c/j(t)) are essential 
for the proper estimation of the external and internal dose rates to populations of humans 
and other living organisms in the aftermath of an atomic accident. 

The total release of an individual i th radionuclide or the sum of all the radionuclides can 
be written as: 


Qz(t&) 



qi(t)f(t0,t)dt. 


(5.4) 


where /(ftp, t ), the “recalculation” coefficient of radioactivity for the i -radionuclide from 
time t to some fixed time t<t> , is the most important physical characteristic of the total scale 
of the accident. It does not, however, solve the problems concerning the real radiation 
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Fig. 5.20. Map of the terrestrial contamination by 131 1:1 — 131 1 content on 2 May, 1986; 11 — isolines showing 
the dates after which ’■*’ I contamination would not exceed the 3.7 GBi]/km 2 (0.1 Ci/km 2 ) level; 111 — the zone 
where 121 1 content exceeded 370 GBq/km 2 (10 Ci/km 2 ) on 2 May, 1986. 

situation and potential danger that may exist. A single and unique value for the total 
release Qz(t<p) is not too informative or sufficiently practical when the actual situation 
is more complicated. Which time t& should be taken for calculation of the total release 
if a considerable fraction of the total output is being released over a long period of time? 
Recalculation to t = 0 could produce overestimates. An analogous disadvantage, from the 
point of view of both overestimation and underestimation of the release, is inherent in the 
choice of any other particular time for the reconstruction. In addition, the distribution of 
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Table 5.8 

L17 Cs deposition (PBq) on individual countries after the Chernobyl accident of 1986 


Country 

Initial data (1988)* 

Corrected data (1998)^ 

Austria 

1.10 

1.6 

Albania 

0.39 


Belgium 

0.019 

0.01 

Bulgaria 

2.70 


Hungary 

0.79 

0.37 

East Germany (GDR) 

0.58 

0.9 

Greece 

0.44 

0.95 

Denmark 

0.05 

0.087 

Israel 

0.005 


Ireland 

0.25 

0.35 

Spain 

0 


Italy 

1.10 

0.93 

Canada 

0.25 


China 

0.54 


Kuwait 

0.001 


Luxembourg 

0.004 

0.08 

Netherlands 

0.068 

0.062 

Norway 

1.10 

2.5 

Poland 

9.2 

1.2 

Romania 

6.7 

2.1 

Great Britain 

0.44 

0.88 

United States of America 

0.28 


Turkey 

1.80 

1.0 

West Germany (FRG) 

1.60 

1.0 

Finland 

1.90 

3.8 

France 

0.83 

0.93 

Czechoslovakia 

0.59 

0.92 

Switzerland 

0.20 

0.36 

Sweden 

3.4 

3.5 

Yugoslavia 

6.1 


Japan 

0.026 



*Hohenemser & Renn (1988). 

*De Cort et al. (1998) (Yu. A. Izrael, Scientific Direction). 
1 PBq % 27 kCi. 


certain portions of the release can always take place in different geographical directions, 
e.g., if a share a of the release spreads southwards, then a (1 — a) share would not be 
included in the estimates of the radiation situation in this southerly zone, no matter what 
time was selected for the calculation. 

Thus the total radioactivity release, its structure and composition should be estimated 
using a spectrum of characteristics that will provide maximum information on the: 

- scale and character of the accident, 

- potential hazard of the radioactive release for the human population and biota, and 

- real hazard of the release. 
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To estimate the real hazard posed to the population and ecological systems, data are 
required, not only on the character and distribution of the products released but also on 
the spatial and temporal distributions of all the elements that are vulnerable to exposure, 
as well as data on the toxicity of the radiation, on the one hand, and the vulnerability of 
the exposed element (i.e., primarily man), on the other. In the case of abiotic components 
of the biosphere, we refer to the problems raised by their presence for the transport of 
the radioactivity and its effects on living organisms over long periods of time. To estimate 
the real danger of this factor, one can use the concept of ecological damage detection 
(Izrael, 1984). If we consider the effects on the biotic components of the biosphere, it will 
be apparent that the ecological damage will depend on the nature of the dose, the intensity 
of the radiation, the effects under consideration and the number and type of organisms 
exposed. It is valid to state that the magnitude of the effect upon a living component 
of the biosphere depends on the intensity of the factor that is influencing the biosphere 
(e.g., the concentration of a contaminating substance, the radiation intensity), the kind 
of biologically harmful influence e (e.g., toxicity for the given population or ecosystem), 
whether it is a linear or non-linear effect, the quantity of organisms N nm in the affected m- 
population of the n-ecosystem and the sensitivity K m of the /n-population in the ecosystem 
to the given effect. One should take into account the synergistic effects of all factors in the 
different environments. 

In turn, the intensity of effect for any factor that varies in space and time (e.g., 
concentration of a contaminating substance and its toxicity /,;(R, t )) is a function of the 
source Qi(R, t) and will depend on dissipation and transport, i.e., the hydrometeorological 
or physical characteristics of the environment. Thus 

//z(R. t) = F(Qi, Dr, Wr, vz, ■ ■ ■), (5.5) 

where vr, wr, i> z are the wind speed, turbulent diffusion coefficient and gravitational 
deposition velocity, respectively. 

In turn. 


G/(R,f) = X>;(R,r), (5.6) 

j 

where qy is the amount of the / th substance, released by individual /-sources. The /,•(/?) 
distribution essentially depends on the spatial distribution of the sources. 

Estimating the degree of influence, it is suggested that the mechanisms involved in the 
transformation of the given ('-class ingredient into another (/ + l)-class are well-known, as 
well as the changes involved in moving from one environment to another (/->/+!): 


4 + 1,/ = (Oi(t)Iih 

(5.7) 

4 , 1+1 = 

(5.8) 


where Wj and /// are coefficients for the transformations and/or changes. 
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So the degree of influence A„ can be written in a general way for the n -ecosystem in a 
certain region 


A 


n 




hi (R> t )a)j (t )fJ,/ (l )Cji m Sji m N m K m Vjj- tkHm,m+k dK dr, 


(5.9) 


where vu+k characterizes the effect of cumulative factors of the i th and (/ + £)th (and any 
other) ingredient; % m ,m+k is a coefficient which takes into account the cumulative influence 
upon the mth, (m + k)th (and any other) population of the given ecosystem; C,i, n is a 
geometric factor that takes into consideration the /-influence upon the given organism 
(a biosphere element) that is distributed in space and time. This factor takes into account 
the ratio between the distribution of the ith substance’s concentration in the environment 
and the organisms of the mth population. 

If A n is estimated in absolute terms for the ecological damage to a given ecosystem, 
a coefficient K m will be added to the equation that characterizes the significance (in 
some cases this could be the sensitivity or criticality) of the mth population in the given 
ecosystem, with 0 1. When K m = 0, this population is not significant for the 

ecosystem and can therefore be missed or replaced by another. In unique ecosystems, 
K m > 0 for any population. K m is equal to 1 for the most significant population (for 
example, humans). 

Thus, the procedure that ranks the effects of specific accidental releases includes the 
following. 

1. The general geometrical factors relating to the threat to the population and biota: 

- in a thick atmospheric layer (at height of release h 1 ), 

- in the surface atmosphere, 

- terrestrial contamination (taking account of migration), 

- contamination of water bodies. 

2. Factors relating to real contact: 

- with people and the biosphere—the need to know the spatial distribution of 
radionuclides and the affected organisms and their vulnerabilities (these can be 
different even for certain individuals of the same population, e.g., for man). 

3. Factors relating to the duration and danger of the effect: 

- the radionuclide’s half-life, 

- energy-release per decay and the type of nuclear radiation, 

- dissipation in the atmosphere, 

- migration in the aqueous environment, 

- migration in soil and biota, 

- coefficients of transition into other dangerous compounds and those of migra¬ 
tion/transport to other natural environments. 

1 According to some data, h reached 3-7.5 km from Chernobyl. 
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The characteristic of the radioactive release from the accident is important but 
supplementary information is required to estimate the radiation situation beyond the 
reactor. Direct data on the radiation situation and radionuclide contamination must be 
known and can be obtained by direct measurements at specific sites. A decision has to be 
made as to which area is to be considered, viz. beyond the zone of the destroyed reactor; 
those zones beyond the protective cap of the NPS building, beyond the station site, the 
sanitary protective zone, etc. 

As an example, it is noted that the radioactivity found beyond the destroyed body of the 
reactor from the accident at the Three-Mile-Island (TMI) station in the U.S. was (according 
to some data) larger than that from the Chernobyl NPS accident. However, the radioactivity 
found beyond the protective cap from the TMI accident was many orders of magnitude less 
than the radioactivity found beyond the Chernobyl NPS building. 

So, let us examine the different possibilities to arrive at an estimate of the total or relative 
release of radioactivity from the Chernobyl accident, the accuracy of the data obtained as 
well as the scope and efficiency of their use. In calculations of the release/contamination, 
all aspects are examined in a traditional sense; correct units expressing the release (Bq, Ci); 
the time to which the release is normalized (the initial time. May 6, 1986, when the release 
from the destroyed reactor practically ended); the average radiation amounts and how 
they were determined; when summations are made, each part is corrected to the time of 
the release; the contribution of individual nuclides to the radiation dose; the amounts of 
radioactivity deposited in different directions, etc. 

At present, there are many different estimates of both the total amount of radioactivity 
accumulated in the reactor at the time of the accident and the fraction of the activity 
released beyond the reactor (Abagyan et al., 1986a & b; Sivintsev and Khrulev, 1995; 
Izrael and Stukin, 1995;Sich, 1994; Bolsunovsky, 1995; Devell et al., 1996). Soviet experts 
carried out the first estimate of the radioactivity that escaped from the destroyed reactor 
and presented it to the international community via the IAEA (Abagyan et al., 1986a & 
b; Sivintsev and Khrulev, 1995) (see Tables 5.9 and 5.10). The latter authors, in turn, used 
three different approaches to answer this equation: 

- estimates based on measurements of radiation levels (gamma) near the NPS; 

- forecasts of the accidental release dynamics using a model of decay product release 
from the annealing of irradiated fuel, in particular, uranium-graphite fuel-rods; 

- calculation of the fraction of released radionuclides and fuel from systematic 
measurements of exposure dose rates and the composition of radiation spectra at the 
surface. 

Analyzing the initial information on the radiation situation, the data obtained before 
May 6, 1986 were considered the most reliable. Unfortunately, we need to note that, in 
the work of Sivintsev and Khrulev (1995), the authors did not use enough detailed data on 
the y -radiation dose rate measurements (these specialists did not use the detailed maps of 
Roshydromet or their y-spectrometric results). The meteorological situation was also not 
taken into account, as required, when the analysis was conducted. As a result, all of these 
approaches could lead to certain errors in estimations of the release from the reactor. 
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Table 5.9 

Daily release, Q, of radioactive products into the atmosphere from the 
accident (excluding radioactive noble gases)* 


Date 

Time after the accident (days) 

Q (MCi)* 

April 

26 

0 

12 

27 

1 

4.0 

28 

2 

3.4 

29 

3 

2.6 

30 

4 

2.0 

May 

1 

5 

2.0 

2 

6 

4.0 

3 

7 

5.0 

4 

8 

7.0 

5 

9 

8.0 

6 

10 

0.1 

9 

14 

-0.01 

23 

28 

20 x I0“ 6 


*Here and in Table 5.15, the error on the release estimate is ±50%. It is 
contributed to by errors in dosimetry (health monitoring instruments), 
radiometric measurements of the radionuclide composition of air and 
soil samples, as well as in averaging depositions over a large area. 

~ 4 Q values are normalized to 6 May 1986, taking into account radio¬ 
active decay. At the moment of the release on 26 April 1986, the activity 
was 20-22 MCi (740-814 PBq). The composition of the release is 
shown in Table 5.15. (I MCi =37 PBq). 


In Sivintsev and Khrulev (1995), the activity on the /th day was calculated according to 
the relationship 

«=EE K mi Pml Snil > 

I m 

where K m i is the coefficient for the relationship between the exposure dose rate and activity 
concentration in the wth region (Cikm~ 2 /(R • hr)), P,„; is the mean exposure dose rate 
measured in the wth region (R/hr) and S m i is the area of the region (km 2 ) with a mean 
exposure dose rate of P m i. 

The rate of deposition of the radionuclide release R (Ci/day) was estimated from the 
cumulative daily values, calculated from the relationship R — Qi — Qi~\, where Qi, Qi~\ 
are the total activities of deposition for the /th day after the accident and for the previous 
(/ - 1) day. 

To estimate the amount of fuel and plutonium that escaped, the experimental data for the 
less volatile radionuclides ( 141 Ce, 144 Ce) in surface deposition samples were used, together 
with the calculated data on the cumulative amount of Pu in the reactor (as presented by 
E.V. Burlakov in July, 1986)—see Table 5.11. 
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Table 5.10 

Estimation of the radionuclide composition of the release from the Chernobyl NPS accident 


Nuclide* 

Released activity (MCi) 

26 April, 1986 6 May, 1986^ 

% activity released from the 
reactor by 6 May, 1986 
(%) 

133 Xe 

5 


45 

Possibly < 100 

85m 

0.15 


- 

Possibly ^ 100 

85 Kr 

- 


0.9 

Possibly ^ 100 

131 ! 

4.5 


7.3 

20 

l. 3 2 Te 

4 


1.3 

15 

l34 Cs 

0.15 


0.5 

10 

137 Cs 

0.3 


1.0 

13 

"Mo 

0.45 


3.0 

2.3 

95 Zr 

0.45 


3.8 

3.2 

l03 Ru 

0.6 


3.2 

2.9 

106 Ru 

0.2 


1.6 

2.9 

U0 Ba 

0.5 


4.3 

5.6 

141 Ce 

0.4 


2.8 

2.3 

l44 Ce 

0.45 


2.4 

2.8 

89 Sr 

0.25 


2.2 

4.0 

90 Sr 

0.015 


0.22 

4.0 

238 Pu 

0.1 x 10“ 3 


0.8 x 10 3 

3.0 

239p u 

0.1 x I0“ 3 


0.7 x 10“ 3 

3.0 

240 p u 

0.2 x I0~ 3 


1 x 10~ 3 

3.0 

241 Pu 

0.02 


0.14 

3.0 

242 Pu 

0.3 x 10” 6 


2 x 10~ 6 

3.0 

2l2 Cm 

0.3 x 10“ 2 


2.1 x 10" 2 

3.0 

239 Np 

2.7 


1.2 

3.2 

*Data on the activities of the main radionuclides were obtained from radiometric analysis. 

^ Total release up to 6 May 1986. 1 MCi = 37 PBq. 

Table 5.11 

Relative contribution of Pu-isotopes to alpha-activity 

Degree of bum-up 
(mWday/kg) 

239 Pu 240 Pu 

241 

Pu 238 Pu 

Activity T.Aa/Ai44 Ce 

(Ci)* 

10.3 

0.29 0.38 

2 x I0 -3 0.32 

8.5 x 10 4 IQ -3 


*1 MCi = 37 PBq. 


Inasmuch as reactors of the Chernobyl type (RBMK—pressure tube reactors) use 
a continuous overcharge of fuel, the heat-producing rods (HPR) located within it are 
subject to burn-up and wide differences between individual radionuclides can be observed 
in measured samples. Generally, for the releases from the reactor, the radionuclide 
concentration was averaged and taken to be the composition typical of the mean 
production (10.3 MW/kg when operated over 640 days). The expected chemical forms 
and characteristic features of the process of fission product release from the overheated 
nuclear fuel were included in the considerations. In particular, volatile fission products 
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prevail in samples when T ~ 2300 K and at T > 2300-2400 K and the ratio between 
radionuclides becomes closer to those typical of fuel with common characteristics. An 
important consideration is that the release of fuel particles might occur. In addition to U and 
Pu, these could contain less volatile elements such as Ce. Thus, along with the extremely 
laborious measurements of Pu a-activity in samples, the data on Ce gamma-activity were 
used to assess the amount of Pu in the samples up to July 1986. The ratio between Pu 
alpha-activity and 144 Ce gamma-activity was assumed to be equal to 9 x 10~ 4 (close to 
10 -3 , see Table 5.11) in fuel of average composition. 

From the results of specially designed experiments, the following observations were 
made with respect to element volatility and temperature T : 

(i) Xe and Kr were the most volatile radioactive inert gases. 

(ii) I and Te were volatile over almost the whole temperature range that typified the 
accident, i.e., at T > 100-200 °C. 

(iii) Cs was volatile at T > 800-1000 °C. With increase in temperature, its volatility 
became closer to those of I and the radioactive inert gases. 

(iv) Ba and Sr are elements with volatility close to, but less than, Cs (Ba is more volatile 
than Sr). Other elements are volatile at T > 1700 °C (the least volatile were Ce, Zr 
and Nb). 

(v) Pu volatility is higher than U (insignificantly) but lower than Ce. 

It was found that the first phase of the accident was characterized by an abundance 
of l31 I and a value of the coupling coefficient K m i = (1 R/hr)/(10 5 Ci/km 2 ) while, at 
the end of the period under consideration, K,,,/ = (1 R/hr)/(2 x 10 5 Ci/km 2 ). It was 
shown that the coefficient K y (Ei) = 5.5 x 10 5 (MeV/(scm 2 ))/(R/hr) over the energy 
range 0.1 MeV < E\ < 2 MeV. 

Values of the fractionation factors K / that characterize the relative enrichment or 
depletion of a particular radionuclide measured in a given sample compared to its mean 
content in the core were also used as one of the more important quantitative parameters. 
The following findings of primary importance became evident from the first experimental 
data and their interpretation: 

(i) During the first stage explosion, the release of fuel heated to high temperatures took 
place in the solid phase, almost without UCb melting. 

(ii) A significant share of volatile radionuclides means that the fuel release was 
comparatively insignificant. 

(iii) During the third stage (May 5-10, 1986), repeated major releases of radioactivity 
were detected that were in accordance with the rate of heating of the damaged 
reactor (5-10 °C/hr). Predictions for iodine releases, carried out on May 1, were 
compared to the in-situ measurement results (Fig. 5.21). The radiation situation 
near the NPS was estimated from maps compiled by civil defense staff (some 
uncertainty could arise from these maps). 

Table 5.12 presents a summary of the data on the activity releases and the fission product 
distributions at the site of the accident and beyond the limits of the power station during 
the first and late third stages. 

Figure 5.22 shows the detailed daily release of radioactivity to the atmosphere (Sivintsev 
and Khrulev, 1995). It was proposed that further releases after May 6, 1986 caused by the 
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Fig. 5.21. Prediction of the iodine release compared to that actually recorded on April 26. 1986 (Sivintsev and 
Khrulev, 1995). 1,2 — the rate of fuel heating, equal to 5 and 10 °C/hr. respectively: 3.4 — the calculated release 
at heating rates of 5 and 10 °C/hr, respectively; 5 — the release from the reactor actually measured; 6 — effective 
fuel-temperature at the moment of explosion. 


heating of construction materials by the fission products deposited on their surfaces did 
not result in much change in the total radiation situation on the ground (excluding the very 
local situation near to the NPS). 

As a result of the investigations carried out by Yu.V. Sivintsev, A.A. Khrulev and 
O.Ya. Shakh, it was concluded that the total quantity of radioactivity released by the 
destroyed reactor (normalized to May 6 , 1986) was 1.85 EBq (50 MCi) (or 3.5% of the 
accumulated activity). The very first estimate was made on May 20. 1986 by the author 
(see Izrael, 1996). This result practically coincides with the data obtained independently 
from a series of experiments and calculations (Izrael et al., 1990) (see below). V.A. Vetrov 
calculated the initial values of the /th radionuclide production in the destroyed reactor 
and the portion of the main nuclides released from the reactor using measurement data 
(Abagyan et al., 1986; Izrael et al., 1987; 1990) (see Table 5.13). 

The values for the released radionuclides were calculated from direct measurement data 
for the total activity of the i th radionuclide in the radioactive products that escaped from the 
reactor during the first 10-12 days after the accident. These data were referred to calculated 
values of production T,-. 

Data on the radionuclide composition of deposition in the close-in zone (up to 10-20 km 
from the source), as obtained by direct measurement (IAEA. 1986; Izrael et al.. 1987), were 
used in the analysis. It allowed us to make a very reliable and practical estimate of the 
ratios between the activities of the radionuclides and those of the most refractory elements 
( 95 Zror l 44 Ce—A//A 95 or A-,/A 144 ). The ratios (A, 7 ^ 95)0 (see Table 5.13) were obtained 
from direct measurements of the radioactive deposition (the upper soil layer) in the close- 
in zone around the CNPS within a radius of 10-20 km from the source. It was assumed 
that fractionation effects manifested themselves relatively weakly in the close-in zone and 
that the (A, 7 ^ 95)0 ratios were close to those at production Yj/Yg 5 . Production parameters 
calculated in this way for each radionuclide are presented in Abagyan et al. (1986). The 
ratios obtained for Yj / F 95 correspond best to the sum of the experimental and calculated 









Table 5.12 

Released activity and fission product distribution inside and outside the accident power unit at the first (26 April) and late third (6 May) stages, 1986 (Sivintsev & 


Khrulev, 1995) 

Radionuclide 

Released activity 


Radionuclide activity 





Inside the unit 

Outside the unit 



In fuel 

In dump and constructions Total (%) 



Absolute (MCi) Relative* (%) Absolute (MCi) Relative* (%) Absolute (MCi) Relative* (%) Absolute (MCi) Relative* (%) 

1st stage End of 3rd stage 


Radioactive noble gases 

10 

<3 

9 

<20 

1 

2-3 

<20 

36 

<80 

Including: 










l33 Xe 

5 

<4 

9 

<20 

1 

2-3 

<20 

35 

<80 

85 m j^r 

0.15 

1.5 

- 

- 

- 

- 

- 

- 

<80 

85 Kr 

_ 

_ 

0.2 

<20 

0.015 

2-3 

<20 

0.7 

<80 

Volatile fission products 

15 

<2 

<20 

<20 

<63 

<63 

83 

17 

17 

(excluding radiocaesium) 










Including: 










131 I 

4.5 

5 

7.3 

<20 

22 

<60 

80 

7.3 

20 

l- 3 "Te 

4 

4 

2.4 

<20 

7.8 

<65 

85 

1.8 

15 

Radiocaesium 

1 

1 

4.6 

<20 

16 

<70 

90 

2.3 

10 

Including: 










l34 Cs 

0.15 

1 

1 

<20 

3.5 

<70 

90 

0.5 

10 

!36 Cs 



2.0 

<20 

7.2 

<72 

92 

0.8 

8 

137 Cs 

0.3 

1 

1.6 

<20 

5.4 

<67 

87 

1.0 

13 

Refractory fission products 

8-10 

0.3-0.4 

300-600 

20-40 

800-1100 

57-78 

<97 

30 

2-3 

Including: 










90 Sr 

0.016-0.02 

0.3-0.4 

1-1.5 

20-30 

3.7-4.2 

66-76 

<96 

0.2 

4 

Actinides 

0.25-0.3 

0.3-0.4 

70 

<80 

15-16 

17-18 

97-98 

1.7-2.5 

2-3 


*The radionuclide activity in the RBMK on 26 April. 1986 was taken as 100%. 1 MCi = 37 PBq. 
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R, MCi/day 



Fig. 5.22. Radionuclide release from the damaged unit of the NPS (Sivintsev and Khrulev, 1995). 1 — initial 
release; 2, 3 — periods of cooling and heating, respectively; 4 — sharp decline; the uncertainty range is shown 
by the dashed line. 


Table 5.13 

Parameters of the source of fission product release during the Chernobyl NPS accident 


Radionuclide 

t \/2 

Field 

measurements 

(A,7/195)0 

Information for IAEA, 1986 
(Abagyan et al.. 1986a.b) 

Adopted parameters 

AA 0 ;* 
(MCi) 

Sj (%) 

Yi 

(MCi) 

Y 1 /Y 95 

Yi 

(MCi) 

Yi/Ygs 

239 n p 

2.35 days 

10 

23 

3.2 

720 

5.5 

1300 

10 

99 Mo 

2.73 days 

0.9 

3.7 

2.3 

160 

1.2 

130 

1.0 

132 Te 

3.27 days 

1.1 

11 

15 

73 

0.56 

120 

0.9 

131! 

8.04 days 

0.8 

17 

20 

85 

0.65 

90 

0.7 

l40 Ba 

12.6 days 

1.0 

7.3 

5.6 

130 

1.0 

130 

1.0 

l41 Ce 

32.5 days 

1.0 

3.5 

2.3 

150 

1.2 

130 

1.0 

l03 Ru 

39 days 

1.0 

3.8 

2.9 

130 

1.0 

130 

1.0 

89 Sr 

51 days 

0.3 

2.5 

4.0 

62 

0.48 

52 

0.4 

91 Y 

58.5 days 

0.3 





40 

0.3 

95 Zr 

64 days 

1.0 

4.1 

3.2 

130 

1.0 

130 

1.0 

110m Ag 

250 days 

0.001 





0.13 

0.001 

144 Ce 

284 days 

0.7 

2.4 

2.8 

86 

0.66 

90 

0.7 

I06 Ru 

368 days 

0.4 

1.6 

2.9 

55 

0.42 

52 

0.4 

l34 Cs 

2.07 years 

0.03 

0.5 

10 

5.0 

0.04 

4.0 

0.03 

l25 Sb 

2.7 years 

0.004 





0.5 

0.004 

90 Sr 

28.5 years 

0.03 

0.22 

4.0 

5.5 

0.04 

5.2 

0.04 

137 Cs 

30.2 years 

0.05 

1.0 

13 

7.7 

0.06 

7.2 

0.055 


*The total release of the t th radionuclide normalized from the A A, value (for D + 10) to the moment of the 
accident. 1 MCi = 37 PBq. 
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Table 5.14 

Characteristics of the source of the main transuranic elements in Unit IV of the Chernobyl NPS at the moment of 
the accident 


Radionuclide 

T\/ 2 

AAq; (kCi) 
(Abagyan et al., 1986) 

Y, (MCi) 

Yi/Y\ 44 

238 Pu 

87.75 years 

0.8 

0.026 

2.9 x 10~ 4 

239 Pu 

24380 years 

0.7 

0.023 

2.6 x 10 4 

2 4 0 Pu 

6537 years 

1.0 

0.033 

3.7 x 10" 4 

241 Pu 

14.5 years 

140 

4.6 

5.1 x 10 -2 

241 Am 

432.8 years 


0.024* (0.155/ 

2.7 x 10~ 4 (1.7 x 10 3 ) 

242 Cm 

163 days 

21 

0.7 

7.8 x 10~3 

2 4 3cm 

28.5 years 


0.001* 

1 x 10~ 5 

244 Cm 

18.09 years 


0.0026 

3 x IO- 5 

l44 Ce 

284 days 

2400 

86 

1.0 


* Calculation based on the data from Gaziev (1993). 

4 241 Am accumulation resulting from 241 Pu decay in 50-70 years after the accident is shown in brackets. 
1 kCi = 37 TBq; 1 MCi = 37 PBq. 


data (the last column of Table 5.13), the absolute values of production Y , being calculated 
by multiplying the accepted parameter T, / *95 by the most reliable value for the production 
of 95 Zr, which was 4.81 EBq (130 MCi), as obtained from the data on the total release. 

Without going into detail for each radionuclide, it is noted that the experimental 
ratios for the nuclides were used as additional criteria in arriving at acceptable ratios of 
production (see Table 5.13), namely: Ce (/\ 141 /A 144)0 = 1.4; Ru (A 103/^106)0 = 2.6; Cs 
(A 137 /A 134)0 = 1.8 and Sr (Ag 9 /A 9 o)o = 10. As expected, these ratios were practically 
constant in soil, atmospheric aerosol particles, vegetation, etc. taken beyond the limits of 
the zone of local contamination, i.e., more than 5-10 km from the reactor. 

In interpreting the Table 5.13 data, it is advisable to bear in mind that the estimates of the 
release A A, (and, consequently, 8/) have an associated uncertainty of ±50% (Abaygan et 
al., 1986). The data on the production of the long-lived transuranium elements (TUE) in the 
damaged reactor (Table 5.14) were obtained mainly from the activity values of individual 
radionuclides A; in the release and the relative quantities of TUE produced (equal to 3%) 
(Abaygan et al., 1986). 

Also using the data in Abaygan et al. (1986) on the dynamics of product release in 
reactor accidents, a histogram was compiled (Fig. 5.23, curve B) for the daily release 
of radioactive products, excluding radioactive noble gases (RNGs). The absolute values 
were obtained from the data for the source-term, as given for time D + 10 in Abaygan et 
al. (1986), corrected back to a specific time after the accident using the rate of decay of 
the sum of fission products and those of nuclear fuel activation (excluding the RNGs) in 
the pressure tube reactor RBMK-1000 (operating period 1000 days) for 10 days (Fig. 5.23, 
curve A). The correction factor for the decay was obtained from the accumulated total 
activity in the environment (Fig. 5.23, curve C) and the summation of the daily releases 
(taking into account the rate of decay of the sum of the radioactive products). 

On D + 10, the sum of all RNGs released into the environment was about 2.22 EBq 
(60 MCi). 
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Fig. 5.23. The dynamics of the radioactive product release from the Chernobyl NPS accident (Izrael, 1990.). 
A — total activity of the nuclear fuel of the RBMK-1000 reactor (relative units); B — daily release of fission and 
activation products (excluding RBG); C — accumulated total activity of accident products in the environment 
(RBG). 1 MCi = 37 PBq. 


Table 5.15 

Relative release of radionuclides to the atmosphere 


Date 

Sum of gamma-emitting products 


Radionuclide 



H = 1000 m 

H = 500 m 

Average 

l44 Ce l37 Cs 

April, 1986 

26 

0.17 

0.17 

0.17 

0.19 

0.1 

27 

0.29 

0.25 

0.27 

0.28 

0.3 

28 

0.29 

0.29 

0.29 

0.30 

0.4 

29 

0.14 

0.15 

0.14 

0.12 

0.18 

30 

0.11 

0.14 

0.13 

0.11 

0.02 


The dynamics of the radionuclide release from the damaged reactor, under the changing 
meteorological conditions (Table 5.15 and Fig. 5.24) were reconstructed after examination 
of the radioactivity deposited in all directions of the contaminated zones (Izrael et al„ 1990; 
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1987a & b; Izrael and Petrov, 1987). The technique for such calculations, which are the 
basis of modeling the terrestrial contamination in the close-in zone of the Chernobyl 
accident, is described in detail in Section 5.6. 

In calculations of the total release, the question of to which time the release should be 
normalized is often discussed. Possible variants are: 

- the initial time of the accident, 

- summing over time, 

- a particular time (e.g., the 10th day of the accident in the case of the Chernobyl 
accident), 

- the end of the intense emissions of gaseous products during the accident, 

- any other fixed time. 

In my opinion, it is probably more useful to choose the variant that best describes the 
physical picture of the accident and provides the possibility of using it, on the one hand, to 
characterize the scale and typical features of the accident and, on the other, to characterize, 
calculate and forecast the real hazards posed for all living organisms. 

Meanwhile, it is important to realize that, if the time chosen for normalization is very 
close to the initial time of the accident, the role of short-lived radionuclides (expressed 
in Bq or Ci) will increase considerably. Of course, their role should not be neglected, 
especially in estimating doses from the cloud or the gaseous effluent over the first 
hours (days). The overall danger from radiation effects, however, is characterized by the 
summation and type of all energy releases from radionuclides. In these circumstances, 
therefore, it is obvious that the estimate of a release in units of Bq or Ci does not 
characterize the danger objectively. The accompanying long-lived nuclides, even though 
they are present in significantly lower quantities of initial activity, can pose greater dangers 
than the short-lived activities. Good examples of long-lived radionuclides that can cause 
serious chronic (long-term) effects are l37 Cs, 90 Sr and 239 Pu + 24n Pu. 

As a compromise, the estimation is often carried out for some period that characterizes 
the whole process of terrestrial contamination in different directions and at various 
distances. In the case of the Chernobyl accident, the times of D+ 10 or D+ 15 were chosen 
in many regions (i.e., 10 or 15 days after the accident). Let us consider the available data 
and estimates for the 10th day after the accident. First of all, if the works of Sivintsev and 
Khrulev (1995), Hohenemser and Renn (1988) and Devell et al. (1996) are examined, 
it is seen that the radionuclides were subdivided into groups of chemical elements 
to which their isotopes belong (although, not necessarily in an undisputable manner). 
Thus the elements were grouped into: inert gases, iodine isotopes, tellurium isotopes, 
caesium isotopes, volatile oxides, alkaline-earth elements, transuranium elements. The 
chemical properties and the volatility of the elements and their oxides in these groups 
and, consequently, the behavior of the radionuclides belonging to these groupings, vary 
significantly. Fractionation factors of these radionuclides vary, as do their ratios in air, 
aerosol particles and depositions at different distances from the site of the accident and 
in different directions. The quantities and fractions of these radionuclides deposited at 
different distances from the accident also vary. 

Undoubtedly, it is important to take into account the distribution scale and hazard of 
individual radionuclides, as shown in Table 5.16. However, the following tables reflect an 
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Table 5.16 

Main characteristics taken into account when estimating amounts and hazards of radionuclides in calculation of 
the total release (the total release is calculated as the sum of the individual radionuclides) 


Type of classification 


Volatility 

RNGs 

Xe, Kr isotopes 


Volatile 

> 3 >I, 132 1, l32 Te, 137 Cs, l34 Cs, l06 Ru. l2? Sb 


Intermediate 

1411 Ba, 89 Sr, 90 Sr 


Refractory 

l44 Ce, l4l Ce. Zr + 95 Nb, 2 - ,9 - 240 Pu. 239 Np 

Radiation hazard 

cr-emitters 

238 Pu, 239.240p Ui 241 Am _ 242 Cm _ 244 Cm 


Specific effect on critical 

131, 


organs 

(thyroid gland) 

Half-life 

Short-lived 

239 Np, 132 Te, l3l I,Ba+ 140 La 


Intermediate 

95 Zr. l03 Ru. 106 Ru, S9 Sr, 141 Ce. l44 Ce 


Long-lived 

137 Cs, l34 Cs, 90 Sr, 241 Am 


Very long-lived 

239 Pu, 240 Pu 

Real hazard 

Actual release of certain nuclides in 

I period: 131 1, 239 Np, l32 Te. Ba + l40 La, etc. 


relation to territory and direction of 

II period: i()3 Ru. i06 Ru. 95 Zr, 89 Sr, l34 Cs 


distribution, role of half-life. etc. 

111 period: 9() Sr. l37 Cs, 239 - 240 Pu, 241 Am 


attempt (in spite of lack of information) to classify the properties of various elements and 
radionuclides and present the most important data related to their deposition. To estimate 
the total release, normalized to May 6, 1986 (D + 10), we calculated the quantity of 
individual radionuclides belonging to certain groups, at different distances: (i) in the close- 
in zone (up to 40 km), (ii) in the distant zone (the territory of the former USSR outside 
the limits of the 40-km zone), and (iii) outside the European part of the Soviet Union (very 
long distances). 

In our studies (Abagyan et ah, 1986a & b; Izrael et ah, 1986; Izrael, 1996a) presented 
at the conference of the IAEA Experts’ Group in August 1986 and later published in a 
WMO report (January, 1987) and the periodical “Meteorology and Hydrology” (Izrael et 
ah, 1994c) in February, 1987, data are presented from measurements of the radionuclide 
content in the close-in fallout zone (up to 40 km) created after the Chernobyl accident 
(see Table 5.4). It was pointed out that the total inventories of radionuclides (calculated at 
D + 15) were 407-444 PBq (11-12 MCi) (1.6% of the activity produced in the reactor) 
within the close-in fallout and 1147 PBq (31 MCi) over all the contaminated territory 
of the USSR. Further, it is obvious from Table 5.4 that, even in the close-in pattern, the 
fraction of the deposited radionuclides l 32 Te, 131 1 and ,37 Cs is higher than the deposition 
of other radionuclides, viz. isotopes of the more refractory elements. Over the whole USSR 
territory, the total activity deposited was 2.8 times higher than that in the close-in pattern 
and for l37 Cs it was 3.2 times higher. In total, the ground deposition for radiocesium 
over the whole of Europe was 7-7.5 times higher than that in the close-in fallout zone. 
Using these values, we obtained estimates of the total release and the releases of individual 
radionuclides, normalized to D + 10 (Table 5.19). 
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Later, Devell et al. (1996) described their attempts to summarize the published material 
devoted to investigations of the release source characteristics during the Chernobyl 
accident in their paper entitled “One decade after Chernobyl” (8-12 April, 1996). 
Unfortunately, the study did not reflect the work of Soviet (Russian) scientists to a sufficient 
degree and dealt mainly with the results contained in the first reports that were presented 
to the IAEA (1986). It was emphasized in Devell et al. (1996) that different authors 
used various values for fuel burn-up (from 10000 to 13 500 MW day/t) to estimate the 
activity produced in the reactor at the time of the accident. Devell et al. (1996) presented 
in tabular form such calculations of the activity accumulation in the reactor. This table 
with some additions, viz. two columns of data, converted to Bq, that reflect our study 
(Izrael et al., 1990) and that of Gorbacheva et al. (1994), is shown as Table 5.17. Here 
some modified data are shown parenthetically, i.e., a possible initial error by Sich on l36 Cs 
accumulation is corrected (Sich, 1994). On the basis of data from Devell et al. (1996), it is 
believed that the estimates provided by Begichev et al. (1990) are the most reliable. 

In examinations of the dynamics of the radioactivity release from the destroyed reactor, 
it has been pointed out (Buzulukov, 1993) that considerable releases of radioactivity took 
place 20-21 and 25-30 days after the accident occurred. However, it was noted that, on 
a relative scale, these releases did not add too much additional activity to that which had 
already been released. Attention should be paid, however, to the significant increases in 
radioactivity deposited in a number of areas to the north of Chernobyl, as recorded by 
Izrael et al. (1986). 

As to the volatility of individual elements (and radionuclides), Devell et al. (1996) 
indicate the relative volatilities of Ba and Sr in their elementary state and of Ru, Mo and 
Te in their oxide forms. They also consider the serious possibility that fragmentation of the 
fuel rods into small pieces of fuel could have occurred during its cracking and oxidation 
from U to UjOs. They emphasize that the release of refractory products, such as Ce, Zr, Np 
and Pu (up to 3.5 ±0.5% of the produced amount) was connected with such fragmentation. 
The short distances over which the majority of the fragments were scattered are related to 
this idea. 

Table 5.18, taken from Devell et al. (1996), shows the fraction of the activity of 
individual radionuclides released from the destroyed reactor. It is noteworthy that the 
accuracy of these estimations depends on the absolute amounts of both the released 
activity and the radionuclides accumulated in the reactor. After numerous experimental 
determinations of 137 Cs, the most reliable of which were the integrations of 137 Cs 
contamination density as portrayed in the maps of the European Atlas compiled in 
early 1996, the total amount of Chernobyl l37 Cs deposited on the surface within all of 
Europe was about 63.64 PBq or 1.72 MCi. According to the data of Table 5.17 on the 
nuclide accumulations, it is obvious that this experimentally obtained value is equivalent 
to 22 to 30% of the amount of radiocesium accumulated in the reactor. The finding is highly 
dependent on the theoretical estimates of the amount of 137 Cs accumulated in the reactor, 
while the actual l37 Cs activity on the ground, which is the quantity used in the calculations 
of human exposure dose rates, is well-defined and does not depend on the calculations of 
specialists in the field of nuclear physics. This example shows the value of experimental 
information and their correct interpretation. On the whole, the data from Table 5.18 do not 
contradict the information presented above. 



Table 5.17 

Estimation of accumulated activities (Bq) of different radionuclides in the reactor at the moment of the accident (from different sources) 


Radio¬ 

nuclide 

Half-life 

Abagyan 
et al. (1986); 
Warman (1987); 
IAEA (1986) 

Izrael 

(1990) 

Clough 
(from Devell 
et al.. 1996) 

Anttila 

(1987) 

Kirchner & 

Noack 

(1988) 

Little 

(from Devell 
et al., 1996) 

Sich 

(1994) 

Begichev 
et al. (1990) 

Gorbacheva 
etal. (1994) 

85 Kr 

10.74 years 

3.3 x 1() 16 

- 

- 

- 

- 

2.5 x 10 16 

2.8 x 

1CP° 

3.3 x 10 16 

3.7 x 10 16 

l33 Xe 

5.24 days 

7.3 x 10 18 

- 

- 

- 

- 

6.2 x IO 18 

6.5 x 

IO 18 

6.3 x IO 18 

6.6 x IO 18 

131 1 

8.04 days 

3.1 x 10 18 

3.3 x 10 18 

2.9 x JO 18 

2.9 x IO 18 

2.4 x IO 18 

3.0 x 10 i8 

3.1 x 

IO 18 

3.2 x IO 18 

3.2 x IO 18 

l34 Cs 

2.062 years 

1.9 x 10 17 

1.5 x 10 17 

1.1 x IO 17 

1.6 x IO 17 

1.4 x IO 17 

2.0 x IO 17 

1.7 x 

IO 17 

1.8 x IO 17 

2.5 x IO 17 

l36 Cs 

12.9 days 

- 

- 

- 

- 

9.0 x IO 16 

9.6 x IO 16 

6.3 x 

IO' 8 

- 

1.2 x IO 17 









(1.1 X 

IO 17 ) 



l37 Cs 

30.174 years 

2.9 x I0 17 

2.7 x 10 17 

2.4 x 10 17 

2.2 x IO 17 

2.7 x 10 17 

2.3 x IO 17 

2.6 x 

IO 17 

2.8 x 10 17 

3.3 x 10 17 

l32 Te 

78.2 hrs 

3.3 x 10 18 

4.4 x 10 18 

4.1 x 10 18 

4.4 x IO 18 

4.4 x 10 18 

4.1 x IO 18 

4.5 x 

IO 18 

2.7 x IO 18 

4.3 x IO 18 

89 Sr 

50 days 

2.3 x 10 18 

1.9 x 10 18 

3.6 x IO 18 

4.0 x IO 18 

3.2 x 10 18 

3.0 x IO 18 

4.0 x 

IO 18 

2.3 x IO 18 

3.4 x IO 18 

90 Sr 

28.5 years 

2.0 x 10 17 

1.9 x l() 17 

2.0 x IO 17 

1.8 x IO 17 

2.0 x IO 17 

1.7 x 10 17 

2.3 x 

10 17 

2.0 x 10 17 

2.5 x 10 17 

l40 Ba 

12.8 days 

5.3 x 10 18 

4.9 x 1() 18 

5.8 x IO 18 

5.6 x IO 18 

5.5 x IO 18 

5.4 x IO 18 

6.1 x 

IO 18 

4.8 x IO 18 

5.7 x IO 18 

93 Zr 

63.98 days 

- 

4.9 x 10 18 

5.8 x 10 18 

- 

5.3 x IO 18 

5.1 x IO 18 

X 

QO 

V) 

IO 18 

5.6 x IO 18 

5.7 x IO 18 

99 Mo 

2.73 days 

7.3 x 10 19 

4.9 x i() lx 

5.5 x 10 18 

5.7 x IO 18 

- 

5.2 x IO 18 

6.1 x 

IO 18 

4.8 x IO 18 

- 



(7.3 x 10 18 ) 










103 Ru 

39.4 days 

5.0 x 10 18 

4.9 x 10 18 

4.3 x IO 18 

4.0 x IO 18 

4.6 x IO i8 

4.5 x IO 18 

X 

00 

IO 18 

4.8 x IO 18 

4.8 x IO 18 

10 6 R u 

368 days 

2.0 x 10 18 

1.9 x 10 18 

8.9 x IO 17 

7.9 x IO 17 

1.1 x IO 18 

1.2 x IO 18 

8.6 x 

IO 17 

2.1 x IO 18 

1.5 x IO 18 

141 Ce 

32.5 days 

5.6 x 10 18 

4.9 x 10 18 

5.6 x IO 18 

5.4 x IO 18 

- 

5.1 x IO 18 

5.6 x 

IO 18 

5.6 x IO 18 

4.9 x 10 18 

144 Ce 

284 days 

3.2 x 10 18 

3.3 x 10 18 

3.9 x IO 18 

3.4 x IO 18 

3.8 x IO 18 

3.4 x IO 18 

3.9 x 

IO 18 

3.3 x IO 18 

4.4 x IO 18 

238 Pu 

86.4 years 

1.0 x 10 15 

9.6 x 10 14 

- 

- 

7.3 x 10 14 

1.6 x IO 15 

1.3 x 

IO 15 

1.0 x IO 15 

1.3 x IO 15 

239 Pu 

24110 years 

8.5 x 10 14 

8.5 x 10 14 

- 

- 

8.0 x 10 14 

9.6 x IO 14 

9.5 x 

10 14 

8.5 x IO 14 

9.5 x 10 14 

240 Pu 

6553 years 

1.2 x 10 15 

1.2 x I0 15 

- 

- 

1.6 x IO 15 

1.6 x O 15 

1.5 x 

IO 15 

1.2 x IO 15 

1.5 x IO 15 

241 Pu 

14 years 

1.7 x I0 17 

1.7 x 10 17 

- 

- 

1.9 x IO 17 

1.8 x IO 17 

1.8 x 

IO 17 

1.7 x 10 17 

1.8 x 10 17 

239 Np 

2.35 days 

3.6 x 10 18 

4.9 x 10 19 

4.7 x 10 19 

5.1 x IO 16 

6.1 x 10 19 

6.7 x IO 19 

5.8 x 

IO 19 

2.7 x 10 19 

5.8 x 10 19 



(3.6 x 10 19 ) 










242 Cm 

162 days 

2.5 x 10 16 

2.6 x IO 16 

- 

- 

3.3 x 10 16 

3.3 x 10 16 

4.3 x 

10 16 

2.6 x 10 16 

4.3 x 10 16 


Note: numbers in brackets mean values corrected later (Devell et al., 1996). 
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Table 5.18 

Percentage of individual radionuclides released from the destroyed 
reactor (Devell et al„ 1996) 


Radionuclide 

Released (%) 

85 Kr 

100 

133 Xe 

100 

131, 

50-60 

132 Te 

10-60 

l34 Cs 

33 ± 10 

l37 Cs 

33 ± 10 

l40 Ba 

3.5-6 

95 Zr 

3.5 

"Mo 

3.5-6 

I03 Ru 

3.5-6 

106 Ru 

3.5-6 

141 Ce 

3.5 

l44 Ce 

3.5 

89 Sr 

3.5^1.5 

90 Sr 

3.5-4.5 

239 Np 

3.5 

238 p u 

3.5 

239 Pu 

3.5 

240p u 

3.5 

241 p u 

3.5 

242 Cm 

3.5 


Figures on l37 Cs in Table 5.18 (33 ± 10%) are the most crucial. The data on I (50- 
60%) are basically similar to those obtained by Sivintsev and Khrulev (1995), as discussed 
above. The data on l32 Te release (10-60%), however, are rather hard to interpret. Devell 
et al. (1996) consider that a figure of 10% is more realistic. The relative amounts of other 
slightly volatile and refractory elements (and their isotopes) are very close to our previous 
estimates and do not require further comment. The analysis of data from Table 5.18 shows 
that only a small fraction of the total release belongs to the group of highly volatile 
elements I, Te and Ce (without the inert gases). 

If these radionuclide data are taken as the basis for calculation, it can be determined 
that, by the end of the release, the portion of all radionuclide activity released from the 
destroyed reactor was 4.4-5% (the radioactive inert gases and very short-lived isotopes 
were not considered here). Our initial estimate was 3.5%. The very first estimation carried 
out by us on May 20, 1986 yielded a figure of 5%, although at that time many people 
thought (and even now some still think) that the total, or almost the total, amount of activity 
accumulated in the destroyed reactor was released into the environment. 

The apparent contradictions and differences between the amounts of radioactive 
products calculated as being beyond the limits of the reactor and those considered as being 
inside the destroyed reactor building are partially explained in physical terms by Devell et 
al. (1996) via the hypothesis that a flowing mixture of concrete in the core could have left 
the reactor chamber and then been cooled down in the bottom of the reactor vessel. 
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Amounts of radionuclides (%) measured at different distances (Izrael, 1990) 
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Radionuclide Close-in zone _ Distant zone _ Total 

(up to 40 km) USSR European (%) 

territory territory 


I-nuclides 5.1 

137 Cs 3.8* (0.28) 

132 Te 5.0 

Ru-nuclides 1-4 

Refractory 0.6-1.0 

The total radioactivity (averaged on 6 May. 1986) 1.6 


8.0* (0.6) 14.0* (1.1) 26 


3.5-5.0* 


*Percentages given on the assumption that the total amount of ,37 Cs produced in the reactor was 7.6 MCi (the 
data in MCi are shown in brackets; 1 MCi = 37 PBq). 

* Evaluated data. 


Table 5.20 

Estimated release (%) of individual nuclides into the environment (from different studies) 



Abagyan et al. 
(1986) 

Devell et al. 
(1996) 

Hohenemser & 
Renn (1988) 

Izrael (1990) 

Sivintsev & 
Khrulev (1995) 

Inert gases 

100 

100 

100 


80 

I 

20 

50-60 

20 


25 (to 30) 

Te 

15 

10-60* 

15 


19 

Cs 

13 

33 ±10 

12 

26* 

9-14 

Volatile oxides 


3.5-6.0 

3 



Alkali earths 

4.0 

3.5^t.5-6.0 

5 


4 

Transuranics 

3-3.2 

3.5 

3 


2-3 

Refractory 

2.8-3.2 

3.5 



2-3 

Total (averaged without 

3.5 



3.5-5.0 



inert gases) on 
6 May. 1986 


*Devell et al. (1996) propose 60%. 

* Experimental data (see Table 5.19). 


According to the data of Soviet researchers (Abagyan et al., 1986a & b), the total release 
from the reactor was 1.85 EBq (50 MCi) by May 6, 1986 (without inert gases). If this 
value is converted to the initial time of explosion or normalized by integrating over the 
whole period of the release, it will increase several times (e.g., according to our data (Izrael 
et al., 1990), the initial release was 3.7-4.4 EBq (100-120 MCi). However, such figures 
are of hardly any practical importance, especially in terms of the operating regime of the 
reactor which was far from normal even before the accident. It is therefore very difficult to 
calculate correctly the exact amount of the short-lived nuclides emitted. 

The actual value of 137 Cs activity on the ground, needed for dose calculations, is 
defined rather well enough and does not depend on the theoretical estimates of the activity 
accumulated in the reactor. 
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Table 5.19 shows the amounts of individual radionuclides measured on the surface and 
Table 5.20 presents the estimated releases of certain radionuclides into the environment 
during the Chernobyl NPS accident. It follows from these tables that the data from the 
various studies coincide quite well (with the exception of the extreme theoretical data). 
The results in Tables 5.19 and 5.20 indicate that about 1.85 EBq (50 MCi) activity from 
all radionuclides was present in the environment on May 6, 1986 (a figure that has been 
mentioned above in a number of independent scientific studies). It suggests that figures 
presented in some sources, e,g„ in Yablokov (1995) that the activity is 2-3 times greater 
than 50 MCi), are not correct. 


6. Modeling of Close-in Radioactive Deposition (Fallout) from the Chernobyl 

NPS Accident 

After the Chernobyl accident, a number of studies were published devoted to the 
modeling of radionuclide distributions in the atmosphere and the ensuing fallout onto the 
earth’s surface at different times and over different regions. In Izrael et al. (1990) and 
Izrael and Petrov (1987), the deposition, over long periods of time, of the radioactive 
products released to the atmosphere were discussed. This deposition led to the residual 
contamination of the ground near to the CNPS (“near” here meaning at distances up to 
100 km). A model was proposed to estimate the scale of the radiation danger within 
the area of the CNPS and to develop conditions that would ensure the safety of the 
population during this real accident (and indeed more generally after potential accidents). 
The approach described in Izrael and Petrov (1987) is briefly presented below. It takes into 
consideration the experience gained from other examples of contamination arising from 
radioactive sources. 

For this model, information on the detailed characteristics of the source, including the 
height, the release dynamics and the dispersion characteristics of the cloud, etc. as well as 
data on the detailed behavior of the wind field over given time intervals, are required. Izrael 
et al. (1987) have formulated data on the radioactive contamination of the environment 
in the accident zone, as required for modeling. The most powerful plume of radioactive 
products from the damaged unit was observed during the first 2-3 days after the accident in 
the north and northeasterly directions. On the basis of aircraft data, the height of the plume 
was greater than 1200 m. The maximum radiation level around the CNPS was observed 
at an altitude of 600 m. On subsequent days, the height of the plume did not exceed 200- 
400 m. 

Balloon observations on wind direction and velocity at the airports of Kiev, Mozyr, 
Gomel and Chernigov were used as the input meteorological information for the model, as 
well as radiosonde data obtained in Kiev from April 26 to May 1. 1986. Figure 5.24 shows 
the calculated values of the mean wind velocity and wind direction within the 0-500 m 
and 0-1000 m layers during the five days after the accident, data that were used to estimate 
particle transport in these atmospheric layers. 

At the time of the accident, an instantaneous release of radioactive particles took place 
as a result of the explosion. It seems likely that they spread westwards and produced a long 
narrow belt of high radioactive contamination on the earth’s surface. Then, on April 26 
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Fig. 5.25. Main sectors of particle distribution trajectories at the level of 925 hPa, as well as the gamma-field 
distribution in the area adjacent to the accident zone (isolines of 0.05 and 0.2 mR/hr, i.e., «s0.5 and 2 p.Gy/hr) 
on June 10. 1986. 1 — from 3 a.m. on April 26; 2 — from 3 p.m. on April 26; 3 — from 3 a.m. on April 27; 
4 — from 3 p.m. on April 28; 5 — from 3 a.m. on April 29 and 6 — from 3 p.m. on April 29. 
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Fig. 5.26. Hourly releases of gamma-active materials into the atmosphere (deposited in the close-in fallout 
pattern). 

and 27, the radioactive products of the plume were transported from the reactor zone 
southwestwards and northwestwards. On April 28-29, the transport direction changed 
again to the northeast, and, by April 30, to the southeast and south. Figure 5.25 shows 
the aerosol particle transport trajectories at an altitude of 700 m during specific time 
intervals after the accident, as well as the gamma-field distribution (the dose rate isoline of 
0.05 mR/hr (%0.5 p.Gy/hr) on June 10, 1986 in the area adjacent to the emergency zone. 
One can see that the contamination of this area comprised three tongues of radioactivity, 
extending west, north and southwards. An analogous contamination pattern is also apparent 
in the close-in zone. 

So, on the basis of the currently available information on radioactive product release 
from the reactor, one can conclude that there were two independent sources of the 
radioactive aerosols, viz. the instantaneous release, resulting from the explosion that 
destroyed the reactor, and the longer-lived hot release from the reactor of the fission 
products that had accumulated in the fuel rods. The data on the daily release of radioactive 
substances into the atmosphere from the reactor zone are presented in Abaygan et 
al. (1986). For the first 4-5 days, relative variations in this release are closely approximated 
by the relationship: 

Q(t) =0.25e -0 ' 28 ', t = 0, 1_,4 days. 

Radioactive deposition in the close-in zone came to an end after the first 4-5 days (except 
in the southern sector). The total amount of radioactivity in the fallout pattern corresponded 
to 4.4 x 10 4 mR-km 2 /hr at that particular time (Izrael et al., 1996). A histogram of 
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the calculated hourly releases of radioactive substances to the atmosphere that were 
subsequently deposited in the close-in fallout pattern is presented in Fig. 5.26. A dashed 
curve shows the relative variations in the hourly releases (from April 26 to May 1, 1986). 

Taking into account the data and the ratios between the radioactive deposition density of 
a given radionuclide a (Ci/km 2 ) and the dose rate P (mR/hr) for different sectors (“West”, 
“North”, “South”), as presented in Izrael et al. (1987), calculations were carried out on the 
relative and absolute releases of specific radionuclides to the atmosphere for the first five 
days after the accident. 

The analysis of an air sample taken near the NPS on April 27 at a height of 400- 
600 m showed that hot particle sizes varied from units to dozens of micrometers in a 
background of numerous smaller particles. Since the more important initial data on particle 
size distributions were not available, the more readily available information on particle 
distributions within limited size ranges was employed, thereby allowing a description of 
the close-in radioactive fallout to be constructed. As in Izrael and Petrov (1975), the overall 
distribution of the total radioactivity on particles within specific size ranges in the close- 
in fallout pattern was approximated by a normal logarithmic relationship that included 
the distribution parameters such as the median diameter £ of the particle and its standard 
deviation a. Further, the upwards ejection of radioactive matter from the plant to a height 
H because of the existence of heat fluxes was represented as a continuous point source of 
a polydispersed mixture of radioactive particles to the atmosphere, the activity distribution 
on the particles being in accord with their size, as described by the normal logarithmic 
expression. 

The amount of radioactive fallout reaching ground level from a thus-specified source of 
height H is subject to the kinetics of gravitational deposition of the particles, the temporal 
variations in the wind field and the process of horizontal diffusion. Trajectories of particle 
transport were calculated taking into consideration the time-distribution of wind speed and 
direction in the 0-500 m or 0-1000 m layers (see Fig. 5.24) in relation to the initial height 
of the source. Values of ip and i\ wind direction and speed, respectively, for intermediate 
time intervals were interpolated. 

The deposition time for particles of diameter 5 (density of 2.5 g/cm 3 ) is a function 
of the source height H and the particle velocity, approximated by the relationship w = 
0.025(5 — 22) km/hr for 5 > 44 pm; w = 2.85 x 10^ 4 5 2 km/hr for 5 < 44 pm. 

For monodispersed particle deposition subject to diffusion in the atmosphere, the 
contribution of the particles to a specified point on the surface is a function of their 
dispersion over the deposition time t = H/w. It is well known that, for a polydispersed 
mixture, the dissipation of the particles in the vertical plane and with the wind should not 
be taken into account (Patrov and Pressman, 1962). Florizontal diffusion in the atmosphere 
is described by the function (Izrael et al., 1970a): 


F(r,l) = 


2nof 


exp 


,2 -| 


2cr 2 


er/ % 0.08/, 


(5.10) 


where r is the distance between the center of deposition of a portion of the monodispersed 
particle fraction and the point at which the deposition density is calculated. The distance 



204 


Radioactive Fallout after Nuclear Explosions and Accidents 


P. mR/hr 



Fig. 5.27. The relationship between radioactive fallout area (in km 2 ) in the close-in pattern and dose rate isoline 
enclosing this area. The data were normalized to May 29. 1986. I — mean value obtained from measurement 
data; II — calculated results; 1-6 measured data on May 1(1), May 11 (2), May 29 (3), June 26 (4), July 13 (5) 
and November 20 (6). 


r and the horizontal path l of the particle before its deposition are controlled by the wind 
field variation with time (cr/—dispersion (derivation)). 

The radioactive fallout density on the surface from a source with constant capacity Q is 
described by the relationship; 


P = 


0.434(2 f Sl 1 

(27T) 3 / 2 CT is, s e P 


[ lg (< 5/§)] 2 1 f ' 2 

2a 2 II 




dtdS. 


(5.11) 


The non-stationary state of the source Q(t) is taken into account using variations in 
its capacity and height within specified time intervals (fi, f?) and the summation of the 
calculated values of deposition densities obtained for these intervals. 

The direct use of detailed maps of dose rate distributions to estimate the model 
parameters does involve some difficulties. In this connection, an integrated analysis of 
the results obtained from all airborne gamma-surveys was used. Figure 5.27 shows the 
relationship between the radioactive fallout in the close-in zone and the dose rate isolines 
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enclosing the area. The airborne gamma-survey data were normalized to the same time, 
namely May 29, 1986. Within the area contained by the isoline, the dose rate exceeds (or is 
equal to) that specified. Referring to Fig. 5.27, the results obtained from different surveys 
are very similar. An important problem then was to select values of § and a for the normal 
logarithmic distribution such that the relationships between the radioactive fallout areas in 
the close-in zone (as calculated for the model and actual areas) and the dose rate isolines 
P are close to each other. This is quite feasible because the other initial parameters for the 
model (height, dynamics of radioactive product release and wind field variations with time) 
have been specified or are known. The values of £ and a were thus calculated numerically 
in order to obtain best agreement with the actual curve, as presented in Fig. 5.27, which 
was derived from the airborne gamma-surveys. Curve II shows the calculated relationship 
between S and P with the values of the parameters § = 50 qm and a = 25. 

Figure 5.28 shows the distribution of radiation levels in the close-in fallout pattern 
from the Chernobyl NPS accident on May 29, 1986, calculated using the model with the 
above parameters for the particle-size distribution of the gamma-active products along 
with specified initial data on the height, radioactivity release dynamics and temporal 
characteristics of the wind field. The actual distribution of radiation levels from the airborne 
gamma-survey data is also shown in Fig. 5.28 (Izrael et al., 1990). 

During the calculations, the initial height of elevation of the ejected radioactive products 
was assumed to be 1000 m until 17 hours (p.m.) (Moscow time) on April 28, 1986 
and 500 m thereafter. Wind directions for every two-hour period were obtained from a 
histogram (see Fig. 5.24). 

For reference, we include Fig. 5.29 which shows the radiation levels in the close-in 
fallout pattern calculated for a hypothetical case in which there was an emergency and a 
release occurring on April 30 (i.e., with a shift of four days) with analogous dynamics 
for the radioactive products released into the atmosphere. In these calculations, the actual 
instrumental data on wind speed and direction for the area of the Chernobyl NPS from 
April 30 to May 4, 1986 were used. Early in May, more stable air-mass transport was 
observed in the area of the Chernobyl NPS in the southerly and southeastwards directions, 
which influenced contamination of the Kiev-city area. 


7. Characteristic Features of Radioactive Contamination from 

Various Nuclear Accidents 

7.1. Radionuclide Composition of Deposition in the Southern Urals Area 

On September 29, 1957, one of the largest nuclear accidents took place at the “Mayak” 
atomic enterprise in the Southern Urals near Kyshtym town. A thermal explosion occurred 
in a depot where radioactive wastes were being stored, resulting in a release of a 77.7 PBq 
(2.1 MCi) mixture of medium- and long-lived radionuclides to the atmosphere. It was 
composed of the following: 90 Sr + 90 Y—5%, l44 Ce -I- l44 Pr—66%, 95 Zr + 95 Nb—24.9%, 
106 Ru + l06 Rh—3.7% and 137 Cs—0.039% (Aleksakhin et al., 1993). The characteristic 
feature of the radioactive fallout was the extremely large deposit of long-lived y0 Sr. The 
fallout pattern was more than 100 km long and, according to certain data, covered an area 



Fig. 5.28. Calculated (1) and measured (2) distribution of radiation levels (mR/hr) at the ground surface on 
May 29, 1986 (1 mR/hr ^10 nGy/hr). 

of 15 000 km 2 (Sokolov, 1993). Table 5.21 (Tikhomirov, 1993) shows the changes with 
time of the composition of the long-lived radionuclides in the fallout pattern. It is clear 
from Table 5.21 that, five years after the accident, more than 80% of the radioactivity was 
derived from 90 Sr. Apparently, this fact caused many radioecological consequences in the 
contaminated zone. Tikhomirov (1993) has described the vertical migration of 90 Sr and 
137 Cs in grey forest soils within the area and found that the 90 Sr penetration in the soil was 
essentially faster than that of the 137 Cs. 




Terrestrial Contamination from Chernobyl and Other Nuclear Power Plant Accidents 


207 



Fig. 5.29. Calculated surface distribution of radiation levels (mR/hr) from a hypothetical accident occurring on 
April 30, 1986 (1 mR/hr ~10 pGy/hr). 
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Table 5.21 

Contribution of long-lived radionuclides to the fallout pattern, % of total activity 


Radio¬ 

nuclide 

Half-life 

1 st October 

1957 

1st February 
1958 

1st July 
1958 

1st July 
1959 

1st July 
1960 

1st July 
1961 

1st July 
1962 

144 Ce+ 
144 Pr 

285 days 

66.3 

78.3 

80.0 

68.6 

49.6 

29.6 

15.0 

90 Sr+ 
90 y 

28 years 

5.15 

8.4 

12.3 

26.0 

45.6 

66.6 

82.7 

106 Ru+ 

106 Rh 

1 year 

3.45 

4.6 

4.9 

5.3 

4.8 

3.8 

2.3 

95 Zr+ 
95 Nb 

65 days 

25.1 

9.0 

2.8 

0.1 

0 

0 

0 


Another significant re-release of radionuclides via the atmosphere occurred in the 
Southern Urals in 1967 near lake Karachay when a total of 22.2 PBq (0.6 MCi) of 137 Cs 
from mixed wastes was transported from the lake shore by exceptionally strong winds. 
Maps of the terrestrial contamination density of !37 Cs in the Southern Urals were compiled 
(from the two specific accidents) from the results of airborne gamma- and ground-based 
surveys conducted in 1991 and 1992 (Izrael et al„ 1994c). The most detailed maps were 
made in 1996-1990. The main portion of the 1957 release spread north to northeastwards 
(Fig. 5.30), while that of 1967 spread in a northeasterly direction (Izrael et al., 1992). 

7.2, Terrestrial Contamination from an Accident at the Siberian (Tomsk-7) 

Chemical Enterprise 

This accident at the Siberian chemical enterprise (SCE) in Tomsk was essentially smaller 
in scale than those in the Urals. Izrael et al. (1993) have presented the results of several 
inspections (using airborne gamma-spectral surveys) of the areas contaminated by the 
radioactive products from the accident which occurred on April 6, 1993. The first detailed 
airborne gamma-survey of the territory was carried out on April 12-16, 1993. Ground- 
based measurements were conducted on the snow-covered area on April 12-15. As a result, 
a map was compiled of the gamma-radiation dose rate on April 12-13 (Fig. 5.31) and an 
energy yield of 4700 pRkm 2 /hr was estimated from the radioactive products in the fallout 
pattern from the SCE boundary. The total inventory of radioactive products beyond the SCE 
site was estimated at 19.61-21.83 TBq (530-590 Ci). In the most contaminated central 
part of the pattern (where the contamination level was equal to or exceeded 300 pR/hr 
(~3 pGy/hr), the accumulated gamma-radiation dose from the radionuclides 103 Ru, 106 Ru, 
95 Zr and 95 Nb did not exceed 1 R («?10 mGy) for the first year. In the following years, the 
gamma-radiation dose from the released radioactive products would not have been as high. 

The main purpose of the second airborne gamma-spectrometry survey, conducted on 
June 18-19, 1993, was to estimate the spatial and temporal dynamics of the radioactive 
contamination pattern resulting from the release, including an estimation of the quantities 
of radioactive products washed off as a result of snow melting. The survey was carried 
out within the limits of the earlier fallout pattern, using the same tracks as on April 12- 
lb, 1993. Figure 5.31 presents a comparison of the radioactive patterns obtained from the 
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Fig. 5.30. Contemporary soil contamination of the Southern Urals area by 90 Sr (Ci/km 2 ) from accidents at the "Mayak” nuclear production unit (1 Ci/km 2 = 
37 GBq/km 2 ). 
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Fig. 5.31. Sketch map of the exposure gamma-dose rate distribution (pR/hr) on the surface as a result of the radionuclides deposited after the accident at the Tomsk-7 
chemical enterprise on 6 April, 1993. 1 — survey of April 12-13; 2 — survey of June 18-19; 3 — the survey area boundary (1 pR/hr = 10 nGy/hr). 
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two surveys, the first (curve I) and the second (curve II) within the 10 pR/hr (~ 100 nGy/hr) 
isoline for the anthropogenic radionuclides (the contribution of the natural radionuclides 
was excluded by using the data on the natural radioactive elemental contents in the soil 
as measured in parallel with these surveys). The energy yield for the radioactive products 
within the fallout pattern was found to be 208 uR km 2 /hr for the period June 18-19 and 
the total quantity of radioactive products beyond the site of the enterprise was estimated 
at 8.32-9.25 TBq (225-250 Ci). As a result of radioactive decay, the initial amounts of 
anthropogenic radioactive products in the fallout pattern for April 12-13 had fallen by a 
factor of 2.35, with an energy yield of 2145 pRknr/hr. As a result of the June 18-19 
survey, it was found that the radioactive product wash-off by snow melting was relatively 
small—about 3%. At the same time, as Fig. 5.31 shows, the radioactive pattern traveled a 
distance of 1-2 km northwestwards during the two-month period from mid-April to mid- 
June. 
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1. The Problems Associated with the Reconstruction of Terrestrial 
Contamination Distributions 

2. Terrestrial Contamination after the Chernobyl NPS and Other Accidents 

3. Reconstruction of Terrestrial Contamination from Nuclear Explosions 


The reconstruction of the characteristics and features of radioactive contamination that 
existed at an earlier time or, more importantly, at the time of its formation (i.e., the 
old patterns), using only recent or previously obtained data, is required for a number of 
reasons: (i) to provide a retrospective assessment of the dose rates to the population and 
ecosystems, (ii) to detail the character and scale of the contamination, (iii) to develop 
necessary measures aimed at mitigation or elimination of its consequences, and (iv) to 
identify the location and, in some cases, the parameters of the contamination source itself. 

Meeting these objectives is not always easy because the parameters of the contamination 
source are often not known. The solutions are further complicated by the radionuclide 
fractionation that occurs during the release and distribution of the radioactivity. 


1. The Problems Associated with the Reconstruction of Terrestrial 
Contamination Distributions 


A number of reconstruction studies by Izrael et al. (1993b, 1994c, 2000a, b) have 
presented logical ways of solving the various problems associated with the spatio-temporal 
distributions of the contamination density ~Jo(x, y, t) and the external gamma-radiation 
dose D arising from nuclear explosions or accidents. For a dose D(x, y, t ), the distribution 
may be expressed as follows (for any time interval (to, t r ) at the point that has location 
coordinates (x, v) for which the reconstruction is being conducted): 


D(x,y,t r ) 



P(x, y, t) dr. 


(6.1) 


where P(x, y,t) is the spatio-temporal distribution of the external gamma-radiation dose 
rate. 

If the terrain contamination density of the jth radionuclide oj(x, y, t) is known at any 
time r, then the relationship for any time period of reconstruction t r (0 ^ t T ^ t) is: 


'y ' <X m (t r ) 

m 


- — Oj(x, y,r)e A ' (? ' r) , 
Sj(tr) J 


( 6 . 2 ) 
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where a m (/,-) is the contamination density of the mth radionuclide at time ? r ; \j is the 
decay constant of the jth radionuclide; Sj(t r ) is the fraction of the /th radionuclide in the 
explosion product mixture at time f r . 

The exposure dose rate may be calculated from the expression: 

P(tr) = J2 K m (t x )a m (t r ) * (6.3) 

m m 


Here K m (t r ) and K^(t r ) are, respectively, scale coefficients relating the contamination 
density of the mth radionuclide and that of all radionuclides to the dose rate, which 
is usually calculated for a height of 1 m above the surface. Strictly speaking, the 
coefficient 8j also depends on the coordinates (x, y) because of possible fractionation of 
the radionuclides. This is given special consideration in Chapter 1. 

Assuming that the radioactivity source function is known for all nuclides at t ^ 0 

q(h,t) = 'J2q m (h,t), (6.4) 

m 


where q m (h , t) is the distribution at heights h and times t, of the mth radionuclide and 
assuming that the measurement results of the terrain contamination density at points 
(xi, yk) at times t r are known, then: 

Oikn (Xi ,yk,tn) = 'Y^Om (*/, yk Jn)- (6.5) 

m 

If archived data on wind velocity distribution are used, i.e., V = V(x, y, h. t), one may 
obtain the corresponding relationship: 

P(x, y, t ) = L\[q{h, t), V, o ik „\ (6.6) 

When data on oikn are not available, we face the problem of predictive calculations of 
the dose rate distribution with q(h) and V: 

P(x, y, t) = L 2 [q(h, t), V] (6.7) 

for which numerous calculation schemes are known. 

The operator L \ may be obtained from the requirement of minimum deviation between 
the predicted distribution P(x,y,t) and the observed values. This requirement may be 
written in the following way: 

IZ Yl\- P ( Xi ' yk ' tn ) ~ Pik f = min ' t 6 - 8 ) 

i k 

i.e., it corresponds to the minimum sum of squared deviations between the calculated and 
observed values of the dose rate over the whole area of fallout. 
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As a rule, the main deviation arises from variations in wind direction, information 
on which is often absent. If the number of measurement points yt is great enough at 
distances and at individual cross-sections of the pattern, the following requirement is 
more convenient in practice and no less effective: 

yic, t n ) - Pjk] 2 - min, t = l,2,...,/, (6.9) 

k 

i.e., at each section, the sum of the squares of the deviations must be at a minimum. This 
approach may be used in two main types of reconstruction: 

(i) When observational data are available (on a number of radionuclides and dose rates) 
in the present situation. The dose reconstruction is basically possible for certain time 
intervals. 

(ii) When observational data are absent in the present situation (or data exist for 
1-2 fission products only or the data are unreliable) with only some archived 
data on terrain contamination and meteorological situations being available. The 
reconstruction is then possible only in individual cases. In some cases, it is found to 
be unreliable and in others impossible. 

Point source situations may have many different variants that can be analyzed in certain 
situations and for some contaminated areas. Examples are presented below. 


2. Terrestrial Contamination after the Chernobyl NPS and Other Accidents 

This example involves a situation for which voluminous information was available. 
As described earlier, regular ground observations and airborne /-surveys from aircraft 
including helicopters produced a compilation of maps of land contamination (dose rates 
and contamination densities of different radionuclides) from the first days after the accident 
up to the present (see Abagyan et al„ 1986a & b; Izrael et al., 1990; and Chapter 5). This 
data set enables us to restore the terrain contamination pattern for practically any time point 
and to calculate the external and internal doses for any required time interval. 

Investigations of the close-in zone of the Chernobyl fallout pattern may be considered 
as typical examples of the reconstruction and estimation of former radioactive deposition 
fields. The zone was the most intensively examined and in geometric terms is represented 
here as a ring of outer radius 60 km and inner radius 5 km, both centered at Unit IV of the 
CNPS. This zone was repeatedly investigated using the airborne gamma-survey method 
with dosimeters mounted on aeroplanes and helicopters of different types. More than 40 
such surveys were carried out over the first 3 years. The same zone (and much larger areas 
beyond) were examined using the airborne /-spectral survey method in 1986 and 1987— 
1989. For this period, then, maps of radionuclide contamination by l40 La, 95 Zr, 95 Nb, 
103 Ru, i 06 Ru, l44 Ce, 134 Cs and | ,7 Cs were compiled, the latter being repeated many times 
(see Chapter 5). 

A reference observation network for monitoring soil contamination and atmospheric 
deposition was thus established for this zone. The reference network, still operating today. 
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Table 6.1 

Measured contamination density (Ci/km 2 ) for certain long-lived radionuclides in the Chernobyl accident fallout 
pattern (Izrael et al., 1994b) 


Sample mass (kg) 

l37 Cs 

134 Cs 

i25 Sb 

154 Eu 

241 Am 

238 Pu 

239p u , 240p u 

90 Sr 

2.55 

1.7 

0.058 

0.01 

0.0034 

0.028 

0.028 

0.0028 

0.076 

2.83 

1.5 

0.051 

0.016 

<0.002 

< 0.002 

< 0.002 

< 0.002 

0.22 

2.59 

1.24 

0.041 

0.019 

0.0023 

0.0023 

0.0023 

0.0031 

0.062 

1.85 

1.16 

0.039 

0.011 

0.0045 

0.0022 

0.0022 

0.0028 

0.11 

2.17 

1.88 

0.064 

0.21 

0.0033 

0.002 

0.002 

0.002 

0.13 

2.63 

1.8 

0.06 

0.017 

0.004 

0.0024 

0.0024 

0.0032 

0.096 

2.73 

1.18 

0.037 

0.01 

0.0042 

0.0025 

0.0025 

0.0025 

0.067 

3.01 

1.64 

0.063 

0.013 

0.0046 

0.0037 

0.0028 

0.0037 

0.092 

2.60 

2.36 

0.089 

0.018 

0.0032 

0.0024 

0.0024 

0.0024 

0.015 


1 Ci/km 2 = 37 GBq/km 2 . 


consists of a radial system of concrete posts 1 m high on which deposition collectors of 
standard size may be mounted for a given period. The reference network was established 
in 1987 and already in that year soil sampling was twice conducted there. During the years 
that followed, including 1991, soil sampling and analyses were performed once a year. 
Initially, the samples were examined only in the laboratory using semiconductor gamma- 
spectroscopic analyses. Soil contamination results were compiled for l37 Cs, l34 Cs, y5 Zr, 
95 Nb, 144 Ce and l06 Ru for the CNPS close-in zone. In the following years, 90 Sr, 238 Pu, 
239+240pm 241 Am, 242 Cm and 244 Cm were added to the radionuclide set following the 
introduction of radiochemical and alpha-spectrometric methods. The distributions of these 
radionuclides were published as maps in the Atlas (Izrael (Ed.), 1998). 

This intensive system of measuring radionuclide contamination within the 5-60 km zone 
gave results for both the absolute and relative amounts of the radionuclides deposited in 
this zone with adequate certainty. It is clear that, using these data, it is possible to determine 
the required characteristics of the contamination and doses for given time intervals. More 
extensive areas were examined repeatedly, i.e., the whole European territory of the former 
Soviet Union as well as many European countries. At present, an atlas of radiocesium 
contamination of Europe (including the European part of Russia) has been published (De 
Cort et al., 1998), as well as a second on the radioactive contamination by individual 
radionuclides in the European part of Russia, the Ukraine and Belarus (Izrael (Ed.), 1998). 
The future picture of contamination of the areas that were subject to the effects of the 
accident is also of interest. 

An example of the prediction of 137 Cs contamination over large areas of Russia is 
given in Izrael et al. (1998). As to the possibility of measuring long-lived radionuclides 
at considerable distances from the source. Table 6.1 shows the results obtained at distances 
of hundreds of kilometers from the site of the Chernobyl accident (Izrael et al., 1994b). 

Radioactive contamination distributions at ground level after the accidents at the 
“Mayak” nuclear enterprise in Kyshtym in the Southern Urals and at the Siberian 
chemical plant at Tomsk were also studied carefully (see Chapter 5). A rough map of the 
accumulated 137 Cs in the South Urals fallout pattern is shown in Fig. 5.30. this having been 
compiled on the basis of regional airborne gamma-spectral survey data for l 37 Cs collected 
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in 1991 and 1992. The main portion of the 1957 release spread northeastwards (upper 
branch), while that of the 1967 release was distributed along a eastnortheasterly line (lower 
branch). The data presented in the map show a general structure of radioactive hotspots 
over the area, i.e., around the accident site. Additional information on contamination of 
this region with B7 Cs and 90 Sr have been presented in Chapter 5. 

The data from several airborne gamma-spectral surveys of the area contaminated by 
radioactive products from the accident at the Siberian chemical plant (SCP) in Tomsk on 
April 6, 1993 have allowed us to reconstruct the contamination situation existing at any 
given time and to extrapolate it to other periods (see Chapter 5). 


3. Reconstruction of Terrestrial Contamination from Nuclear Explosions 

The reconstruction of fallout patterns from nuclear explosions that were carried out 
many years ago is more complicated but no less important. The most difficult problems 
are the following: 

- to determine the location of the fallout pattern on a particular territory (the inhabited 
areas and the persons exposed in the contaminated zone at the time), 

- to estimate the dose rates at the time of fallout, 

- to estimate the possible total external and internal doses to the population from the 
fallout pattern. 

Possible approaches to these problems are demonstrated in these important examples. 

Figures 6.1 and 6.2 (Izrael et al., 1994c) show the rough fallout patterns from a high- 
yield thermonuclear explosion that occurred in August, 1953 at the Semipalatinsk Test 
Site. In 1990-1991, aircraft surveys conducted by the “Aerogeophizika” enterprise (which 
belonged to the State Committee for Mineral Resources) clearly show the outline of the 
fallout pattern and its distribution at a distance of more than a hundred kilometers from the 
site of the explosion. On the basis of the contamination density data, obtained 40 years after 
the explosion, one may reconstruct the radionuclide composition and the contamination 
density at the time of deposition (isotopic fractionation and induced activities are not 
included). The dose rate P\ one hour after the explosion can also be deduced and hence 
also the external exposure dose rate D\- 0O ^5P\, where D\- O0 is the accumulated dose 
for the period from one hour to infinity. 

Artemjev et al. (2000) have presented similar distributions within the 120 km sector 
for the fallout from the thermo-nuclear explosion of August 12, 1953 along the axis from 
the epicenter. These data are of extreme importance since they allow determination of the 
ratio between the long-lived radionuclides in the given fallout pattern (not only for 137 Cs 
and 90 Sr) which is important in reconstructing the dose from “old” local patterns of this 
type. Attention is drawn to the slightly lower content (1.5-2.0 times) of l37 Cs in the fallout 
pattern obtained from the aerial gamma-survey data. This can be explained by distortion of 
the altitude correction coefficients arising from the significant roughness of the ground. The 
average l37 Cs/ 9ll Sr activity ratio in the fallout pattern, of 2.0, is very close to the theoretical 
value in the fission reaction. The average activity ratio 239_240 Pu/ 241 Am was 3.3. In this 
case, the calculated exposure dose is about 30 mGy (300 R) at a distance of 50 km from the 
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Fig. 6.1. Map of l27 Cs contamination at the Semipalatinsk Test Site (Ci/km 2 ) from the survey of 1991 — data 
collected by the state scientific production enterprise “Aerogeophizika” (see Izrael et al.. 1994c) (1 Ci/km 2 = 
37 GBq/km 2 ). 1 — the trace from the explosion in 1953; II — that from the explosion of 1951. 


explosion. Undoubtedly this is approximate because, in some cases, the induced activity 
may contribute substantially as it did, for example, at the American “Sedan” explosion. 

As we have seen in the above, the availability of basic activity data and the assurance 
that the given radionuclide is from the explosion under consideration are the governing 
factors in the calculation of doses and reconstruction of the initial fallout pattern. In this 
situation, we use the most reliable data on 137 Cs, because its fallout is closely connected to 
the fallout pattern outline that, in turn, is so dependent on the meteorological situation. 
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Fig. 6.2. Gamma-radiation exposure dose rates (pR/hr («s 10 nGy/hr)). Survey of 1991 — data from the state 
scientific production enterprise “Aerogeophizika” (Izrael et al., 1994c). 


These examples demonstrate the feasibility of reconstructing a former radiation situation 
on the basis of the remnants of the activity patterns from a nuclear explosion. Additional 
material is presented as a map of the dose rates from the same survey (Fig. 6.2). 

Let us now consider two complex situations in an example of reconstruction of a 
radioactive contamination distribution. A residual pattern (of dose-rate isolines) from the 
“Taiga” peaceful nuclear explosion exists at the boundary between the Perm’ region of 
the Russian Federation and the Komi Republic (Fig. 6.3. Reshetov’s data). Presumably, 
at present, the 60 Co contributes most significantly to the gamma-radiation dose rate and 
the L17 Cs contributes less so. In this situation, it would be impossible to reconstruct the 
dose from fission fragment activity at the explosion if the recent ratio between these 
radionuclides is not known. An analogous problem could arise for the residue from 1953 
if it could only be examined in terms of the dose-rate isolines. 

An example of an even more difficult reconstruction is that of the radioactive pattern 
and possible gamma-radiation doses in the Altai settlements that could be attributable to 
the first explosion of an atomic device at the Semipalatinsk Test Site in August 1949. Only 
individual spots with elevated i:,7 Cs contamination density (from 100 to 300 mCi/km 2 , 
i.e., 3.7-11.1 GBq/km 2 ) can now be detected in the Altai (Fig. 6.4). In this situation, it 
is practically impossible to separate the l?7 Cs deposition from a given explosion and the 
l 77 Cs from global fallout if data are not available for any other radionuclide that was unique 
to the explosion of 1949. At present there is no clearly visible trace that can be attributed 
to the explosion of 1949 in the Altai. In this case, it is possible to model the travel of 
the contaminating air masses and the formation of the fallout pattern from data on the 
source as well as on the basis of the y-radiation dose in the close-in zone and archived 
meteorological (and other) information; however, there are great uncertainties (Izrael et 
al., 1993b, 1994b, 1994c). 

In reconstructions of exposure doses from old radioactivity patterns that were formed 
after the nuclear explosions decades ago, various approaches have been used, including; 




220 


Radioactive Fallout after Nuclear Explosions and Accidents 



10 25 50 100 200 300 UOO 500 mR/hr 

Fig. 6.3. Gamma-radiation dose rates in the region of the “Taiga” nuclear explosion. Survey of 1991 (Izrael et 
al., 1994c) (1 pR/hr «= 10 nGy/hr). 

- the use of archived radiometric data; 

- application of the numerous mathematical models that are available to construct 
fallout patterns from archived documents in areas where radiation data were not 
recorded immediately; 

- the use of data on long-lived radionuclides, mainly 137 Cs and 90 Sr (based on the 
results from detailed airborne gamma-spectrometric surveys for determining 137 Cs, 
or soil sampling and laboratory analyses for 137 Cs and 90 Sr), with additional analyses 
of a small number of soil samples for 239 Pu and 240 Pu. 

When performing this work, however, investigators have encountered significant 
difficulties in this approach, viz.: 

- the lack of archived data on the radioactivity measurements and meteorological 
observations; 
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Semipalatinsk (_ i I _I_I 

Fig. 6.4. Measurements of the l27 Cs contamination density (Ci/km 2 ) in the Altai territory in 1991 (Izrael et al., 
1994c) (1 Ci/km 2 = 37 GBq/km 2 ). 

- substantial deviations in the orientation of the “reconstructed” patterns due to 
inaccuracies in the meteorological data, source-term uncertainty, including explosion 
altitude and yield, as well as the size distribution of the radioactive particles; 

- the presence of significant amounts of 137 Cs and 90 Sr of global fallout origin (and 
simultaneously layers of fallout patterns from several nuclear explosions). 

These difficulties were the principal limitations to the proper reconstruction of exposure 
doses based on the radioactive patterns that remained many years after the nuclear 
explosions. 

As previously noted, the currently measured 137 Cs contamination density in the Altai 
Region is 3.7-11.1 GBq/km 2 (100-300 mCi/km 2 ) (see Fig. 6.4). If it is assumed that 
the average contamination density from global fallout is 2.96 GBq/knr (80 mCi/km 2 ), 
then the remaining 0.74-8.14 GBq/km 2 (20-220 mCi/km 2 ) can be related to local nuclear 
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explosions and, primarily for the Altai Region, to the first nuclear explosion conducted in 
the USSR in August 1949 which gave rise to a cloud that moved towards the region. For 
specific locations in the area, however, the contamination could result not from a specific 
explosion, but solely or partially from global fallout, which had a range of values for 
137 Cs from 0.37 to 14.80 GBq/km 2 (10^400 mCi/km 2 ) over the territory of the former 
Soviet Union. The higher values for global fallout were in the mountains and foothills, 
i.e., in zones of heavy precipitation. It is easy to calculate, for the above example, that 
the initial external dose associated with the nuclear explosion pattern, 50 years after the 
original fallout, will exceed the dose from global fallout by a factor of tens (short-lived 
radionuclides have essentially decayed away over this time period). The external-exposure 
dose from the global fallout will be below 0.5 R (rem) (^5 mSv), while for the above case 
(taking into account the decay of the short-lived radionuclides) it will be 25-30 R (rem) 
(250-300 mSv) for the nuclear explosion fallout pattern. 

The meteorological situation, reconstructed from rather scanty archived information, 
does not permit the determination of the fallout outline or even its exact orientation with 
sufficient accuracy and measurements of only one radionuclide l37 Cs do not make it 
possible to separate, with any assurance, the local contamination from an “old” explosion 
against the background of global fallout. 

To remove the existing uncertainties, one needs to find additional individual signals in 
the old radioactive fallout pattern which would allow its unique identification and permit 
the assessment of the dose rates from various radionuclides, but primarily 137 Cs, as well as 
the determination of the individual features of the fallout pattern for each explosion. This 
is especially important in the case where there is superposition of patterns from various 
explosions and a significant background of global fallout. Izrael et al. (1994b) proposed 
that such features could be: 

(i) Aerosol-particle characteristics (each explosion features radioactive particles with 
individual characteristics); this is the principal difference between particles in local, and 
even some distant, fallout patterns and those in global fallout; 

(ii) The radionuclide composition of these particles is also specific to each explosion 
and this is especially useful when these features are considered simultaneously with the 
changes in contamination characteristics at great distances from the source. It is difficult to 
single out individual particles and it is therefore expedient to identify the explosion by the 
ratio of characteristic radionuclides in soil samples. 

For old nuclear explosion patterns, determinations of the maximum number of long-lived 
radionuclides and nuclide and isotopic ratios in particles and soil samples are necessary. 
Such a procedure is a complex but nevertheless feasible operation. These possibilities are 
considered below. For the purpose of comparison, global fallout samples should be treated 
in a similar way (in regions where “local” deposition certainly did not take place). As noted 
above, the radionuclide ratios obtained can be used to identify different fallout patterns and, 
subsequently, to reconstruct their essential characteristics. 

A first approach used by Izrael et al. (1993b, 1994a) and others (Loborev et al., 
1994) was based primarily on the measurement of l37 Cs and the utilization of dose- 
rate archives and meteorological data to reconstruct the fallout patterns of old nuclear 
explosions and accidents. Afterwards, the above methods were employed, including 
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Table 6.2 

Long-lived radioactive products (half-life exceeding four years) in fission debris 


Radionuclide 

Products of thermal 
neutron fission of 235 U 
(Zysinetal., 1963) 

Products of 239 Pu fission 
by fission-spectrum neutrons 
(Fleming, 1967) 

Possibility of use 
as test indicator 

Half-life 

(years) 

Yield 

(%) 

Half-life 

(years) 

Yield 

(%) 

79 Se 

6 x 10 4 

0.056 

6.5 x I0 4 

0.066 

Possible 

85 Kr 

10.6 

0.293 

10.6 

0.145 

No 

87 Rb 

5 x 10 10 

2.49 


0.018 


9( >Sr 

28 

5.77 

28 

2.14 

Real 

97 Zr 

1.1 x 10 6 

6.45 

9.5 x 10 5 

3.33 

With difficulty 

93m Nb 

12 

6.45 

3.7 

3.33 

Possible 

"Tc 

2.1 x 10 5 

6.06 

2.1 x 10 5 

6.10 


I07 pd 

7 x 10 6 

0.19 

7 x 10 6 

3.95 

With difficulty 

" 5 In 

6 x !0 14 

0.0097 

6 x I0 i4 

0.064 

No 

l2lm Sn 

5 

0.015 

20 

0.0004 

Possible 

l26 Sn 

2 x I0 5 


2 x 10 5 

0.075 


120 j 

1.7 x 10 7 

0.8 

1.6 x I0 7 

2.98 


l35 Cs 

2.6 x 10 6 

6.41 

2 x I0 6 

6.56 

With difficulty 

l77 Cs 

30 

6.15 

30 

6.83 

Real 

l44 Nd 

5 x 10 15 


Stable 

3.20 

No 

l47 Sm 

1.3 x 10" 

2.36 

Stable 

2.05 


151 Sm 

80 

0.44 

90 

0.884 

Real 

152 Eu 

13,5 

- 




154 Eu 

16 

- 

16 

0.0007 


I55 Eu 

4 

0.033 

1.7 

0.249 



Note: A dash means the absence of data in the given literature source (Fleming. 1967) on the presence of ’- ,2 Eu 
and l54 Eu in fission debris. Stable means (according to Fleming. 1967) that the given radionuclide was considered 
to be non-radioactive. 


searching for radioactive particles from the nuclear explosions, determining possible 
long-lived radionuclides so as to identify the fallout patterns and attempting to establish 
characteristic isotope and nuclide ratios for the various nuclear explosions. Radioactive 
patterns were found within some samples containing signals from two “old” nuclear 
explosions that had been conducted at the Semipalatinsk Test Site, namely the 20 kt nuclear 
(plutonium) tower explosion conducted on August 29, 1949 and the 430 kt thermonuclear 
tower explosion on August 12, 1953. 

Melted, glassy particles some millimeters in diameter were found. Table 6.2 presents the 
long-lived radionuclides (with half-lives above 4 years) that result from nuclear fuel fission. 
Table 6.3 shows the radionuclides induced by nuclear-explosion neutrons on ground/soil 
fragments or on the explosion device itself (some radionuclides occur in both tables). 
Tables 6.2 and 6.3, therefore, illustrate the potential for use of a relatively large number 
of radionuclides in the identification of fallout patterns from earlier nuclear explosions. 

Figure 6.5 presents the most typical reactions and variants of radioactive transformations 
of uranium and the transuranic radionuclides in the products of nuclear and thermonuclear 
explosions with nuclear fuels of various compositions. 
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Table 6.3 

Long-lived radionuclides (of half-life exceeding four years) induced by nuclear-explosion neutrons 


Radionuclide 

Half-life 

(years) 

Formation reaction 

Possibility of use 
as test indicator 

26 Al 

7.3 x 10 5 

27 Al(n, 2n) 

Weak 

3 «C1 

3.01 x 10 5 

35 Cl(n, y) 


41 Ca 

1.03 x 10 5 

40 Ca(n. y) 


59 Ni 

7.6 x 10 4 

58 Ni(n, y) 

Possible 

60 Co 

5.24 

59 Co(n, y ) 

Real 

63 Ni 

100 

62 Ni(n, y) 

Possible 

79 Se 

6.0 x 10 4 

78 Se(n, y) 

Weak 

93 Zr 

1.1 x 10 6 

92 Zr(n, y) 


93m Nb 

12 

93 Nb(n, n') 

Possible 

94 Nb 

2 x 10 4 

93 Nb(n. y) 


93 Mo 

3500 

92 Mo(n, y) 


> 21m Sn 

5 

120 Sn(n, y) 


15l Sm 

80 

l50 Sm(n, y) 


l50 Eu 

36 

l5l Eu(n, 2n) 


I52 Eu 

13.5 

lsl Eu(n, y) 


I54 Eu 

16 

153 Eu(n, 2n) 

Real 

166m Ho 

1200 

l53 Eu(n, y) 


178m 

31 

l65 Ho(n, y) 

Possible 

186m j^ e 

2 x 10 5 

l77 Hf(n. y) 


192m [r 

240 

l85 Re(n. y) 

Weak 

193 Pt 

60 

191 Ir(n, y) 

Possible 

205 p b 

1.5 x 10 7 

l92 Pt(n, y) 




204 Pb(n. y) 

Weak 


Note: Half-life data mainly from Zysin et al. (1963). 
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Fig. 6.5. The most typical reactions and transformations of uranium and the transuranic radionuclides leading to 
their appearance in the atmosphere after nuclear and thermonuclear explosions (Thomas and Perkins, 1975). 
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Fig. 6.6. Fragments of the semiconductor gamma-spectra of aerosol particles from the fallout from a nuclear 
explosion conducted on August 29, 1949 (a) and from a thermonuclear explosion conducted on August 12, 
1965 (b). Measurements of 1994 (Izrael et ah, 1994b). The radionuclide symbols and gamma-radiation energies 
(keV) are indicated above the peaks in the spectra. 


Figure 6.6 shows the fragments of gamma spectra (measured using a semiconductor 
gamma spectrometer) of the large-size aerosol particles sampled in the fallout patterns of 
the 1949 and 1953 explosions. From the spectra, one can see the distinct gamma-lines 
of the following long-lived radionuclides: l37 Cs, 60 Co, l52 Eu, l54 Eu, 155 Eu and 241 Am. 
60 Co is an induced product; l52 Eu and l54 Eu belong to both groups, induced and fission- 
fragment activities; l55 Eu belongs to the fission fragment group and 241 Am accumulates as 
a result of 241 Pu decay (see Fig. 6.6). It should be noted that l52 Eu and 134 Eu were found 
by us in aerosol particles as long ago as 1963. 

As was expected, 24 'Am was found in the particles, its relative amount being greater 
in particles from the 1953 explosion. A detailed study of the gamma-spectra shows that 
some of the lines are not yet identified. This could lead to an extension of the list of the 
long-lived radionuclides. 

Tables 6.4 and 6.5 present the measured activities of various radionuclides in the 
particles (Bq/particle) as well as the ratios of the activity of the detected nuclide to that of 
152 Eu in the particles and glassy slag in the explosion zone. One can see a relatively small 
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Table 6.4 

Activities of different radionuclides (and their ratios) in particles from explosions in 1949 (the first four samples) 
and 1953 (latter four samples) at time of measurement (Bq/particle) (Izrael et al.. 1994b) 


Number of sample 

60 Co 

l37 Cs 

l52 Eu 

154 Eu 

155 Eu 

49P1 

2.18 x 10 1 

1.27 x 10 3 

8.65 x 10 1 

2.69 

3.31 x 10 1 

49P3 

2.51 

1.69 x 10 1 

5.27 x 10 1 

2.30 

0.87 

49P8 

3.01 

4.02 x I0 1 

5.07 x 10 1 

1.79 

2.02 

49P10 

7.74 

2.69 x 10 2 

6.51 x 10 1 

2.36 

8.42 

53P1 

7.37 

4.02 x 10 2 

5.05 x 10 1 

4.86 

2.06 x 10 1 

53P2 

7.55 

1.06 x 10 3 

5.99 x 10 1 

4.63 

2.66 x 10 1 

53P4 

7.25 

1.66 x 10 2 

5.52 x 10 1 

4.83 

1.29 x 10' 

53P6 

9.41 

7.05 x 10 2 

4.64 x 10 1 

5.07 

3.54 x 10 1 


241 Am 

241 Am/ l52 Eu 

l54 Eu/ l52 Eu 

l37 Cs/ l32 Eu 

60 Co/ ,52 Eu 

49P1 

1.48 x 10 1 

0.17 

0.034 

14.7 

0.25 

49P3 

0.36 

0.0068 

0.044 

0.32 

0.048 

49P8 

1.12 

0.022 

0.035 

0.79 

0.059 

49P10 

4.00 

0.061 

0.036 

4.13 

0.12 

53P1 

1.72 x 10 2 

0.43 

0.096 

7.96 

0.15 

53P2 

1.48 x 10 2 

0.14 

0.077 

1.78 

0.13 

53P4 

9.90 x I0 1 

0.60 

0.088 

3.01 

0.13 

53P6 

2.78 x I0 2 

5.99 

0.11 

15.2 

0.20 


I Bq 27 pCi. 


Table 6.5 

Activities of different radionuclides and their ratios at the time of sample measurement (Bq/sample) in glassy-slag 
samples at ground zero (at epicenter of explosion) (Izrael et al., 1994b) 


Number of 
sample 

60 Co 

l37 Cs 

132 Eu I54 Eu i55 Eu 

60 Co/ l32 Eu 

i34 Eu/ i32 Eu 

5 

7.41 x 10 3 

1.84 x 10 5 

Explosion of 29 August, 1949 

3.29 x 10 5 4.72 x 10 4 9.81 x 10 3 

2.25 

0.14 

1 

9.63 x 10 5 

1.56 x 10 5 

Explosion of 12 August, 1953 

6.88 x 10 5 9.23 x I0 4 4.76 x 10 6 

1.40 

0.13 

2 

3.96 x 10 5 

4.50 x 10 4 

2.01 x I0 3 3.21 x 10 6 2.50 x 10 6 

1.97 

0.16 


I Bq ^ 27 pCi. 


spread in the numerical values of the l54 Eu and 60 Co radionuclide ratios of the particles 
and a larger (but typical) difference in the 137 Cs and 241 Am relative to l52 Eu. 

The ratios of radionuclide activities obtained require further detailed analysis (with 
regard to possible fractionation) and the collection of more statistical data but it is already 
evident that the determination of long-lived nuclides in the particles (or samples) of the 
old patterns of nuclear explosions is a feasible and very informative way of characterizing 
these patterns. 
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Some questions and relevant problems arise, such as what should be done about the 
soluble radionuclide fraction that has migrated away from the particles for many years? 
According to experimental data, it is a comparatively small part of the total particle activity. 
Sampling and analysis to a depth of 0.5 to 1.0 m can eliminate these latter uncertainties. 

An analogous calculation for the Chernobyl fallout pattern, based on this model and 
using archived meteorological data, has been repeatedly applied to other examples of 
nuclear-explosion patterns by Izrael et al. (1990) and Petkevich et al. (1994). 

Figure 6.7 shows the gamma-field distribution on the territory adjacent to the CNPS 
accident zone, at dose rate isolevels of 0.05 and 0.2 mR/hr (» 0.5 and 2.0 pGy/hr) on June 
10, 1986. In addition, the deposition fields, calculated according to the model at distances 
of hundreds of kilometers from the source, are presented (Izrael et al., 1989b). Parameters 
for the normal logarithmic distribution of particles were chosen in the model in such a 
way that the distribution areas prescribed by the isolines were nearest to the measured 
ones. As a whole, good agreement between the measured and calculated data does exist, 
although considerable discrepancies do arise in certain cases. On average, the calculated 
and measured values of the total deposition differed by not more than three-fold. 

It should be noted, with this model, that close correspondence to the actual data does, 
in fact, exist but without strict concurrence with respect to location. Even minor errors in 
the meteorological data (which, as a rule, are insufficient) can move the calculated fallout 
pattern away from its real location and other uncontaminated areas may then be included 
in the study zone. 

An especially interesting challenge is to reconstruct the contamination source on the 
basis of various data, taking into account highly dissimilar circumstances. This problem 
is of primary importance for nuclear accidents (in cases of test explosions, the available 
data on the source are used) but it became especially pressing for the Chernobyl accident, 
for the initial time period of hours and days when the dose characteristics were not 
recorded clearly enough and were, as a result, extremely uncertain. It seems that the 
most reliable information that can be used to reconstruct the contamination source for 
the Chernobyl accident, from the viewpoint of the subsequent prolonged exposure, are 
the data on measured dose rates and the concentrations of individual radionuclides in the 
atmosphere and on the ground at different locations, coupled with our understanding of 
certain physical concepts (Izrael et al., 1990, 1994a; Abagyan et al., 1986a & b; Sivintsev 
and Khrulev, 1995). 

However, the problem of the reconstruction of the source of contamination on the 
basis of measurement data at specific points is a unique issue. Its solution is of primary 
importance so as to facilitate various predictions for different types of accidents. Highly 
reliable calculations of doses to the population after a specific accident may be obtained 
(and actually have been obtained for the Chernobyl and Urals accidents) by carrying out the 
most detailed measurements of the actual contamination of the atmosphere, the lithosphere 
and hydrosphere. 

In summary, it may be stated again that: 

- The reconstruction of fallout patterns from old nuclear explosions and accidents 
where radioactivity releases occur is a real problem, especially the aftermath of the 
Chernobyl accident, when people wished to have data on the past and present radiation 
situations in their own particular regions; 
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Fig. 6.7. Calculated (1) and measured (2) distribution of radiation levels (mR/hr) on the ground after the 
Chernobyl accident (on June 10. 1986) (1 mR/hr ~ 10 frGy/hr). 
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- The reconstruction (if only partial) is most effective when reliable actual data on 
individual radionuclide densities are available (even if only on one individual nuclide if we 
are sure it belongs to the particular source in question); 

- In the situation where completely reliable data on the range of fission product 
radionuclides are not available, one should at least have information on one additional 
radionuclide that characterizes the given explosion (or on the activity ratio of two 
radionuclides); 

- When proceeding with the reconstruction, one should carefully analyze all the 
available information on contamination levels, geometrical configuration of the existing 
fallout pattern (together with the archived data), the depth of radionuclide penetration in 
the soil, etc.; 

- In the situation where reliable factual data are deficient, or not available, it is still 
possible to model the radioactivity distribution. However, one should use extreme caution, 
because errors in the geographical location of the fallout pattern are possible during the 
modeling due to deficiencies in the archived meteorological information (at various heights 
and along the path of the fallout pattern); 

- If accidents occur with a concurrent release of radioactivity, then an extensive 
data base must be compiled (as has been done for Chernobyl and Tomsk-7). This permits 
the reconstruction of crucial data on the contamination density of different environments 
and/or the dose characteristics. 
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1. Calculation of the Surface y-Radiation Exposure Dose Rate 


Radioactive fallout (both close-in and distant) results in the surface contamination of the 
land. During the first weeks or months, the radioactive constituents of the fallout, under 
the influence of different processes, gradually start to penetrate deep into the soil. The 
radionuclides are transported to depth either with particle-carriers or, separately, as a result 
of being washed out or following particle destruction. This results in the contamination 
of the upper layers of the soil down to several centimeters depth. Different authors have 
indicated that, during the first several months, the upper (5-6 cm) layer contains 80-95% 
of the total radioactivity and it is only after several decades that part of the radioactivity 
penetrates deeper, to 0.5 m or more. An exception occurs in ground bulk at the epicentral 
zone, formed after an underground cratering explosion, where the radioactivity is dispersed 
immediately throughout the accumulations of rocks, etc. 

It is logical to assume that, during the early periods after fallout is deposited, the gamma- 
field over a plain forestless surface (e.g„ a desert, as typically found, for example, at the 
Semipalatinsk Test Site), is practically identical to the gamma-field of a planar isotropic 
source. If we take into account multiple scattering of the y-radiation and use the analytical 
form for dose factor presentation, then the dose rate P at a height h above an infinite 
isotropic source of monochromatic radiation, according to Izrael and Stukin (1967), is 


P(h) oo 


kocr a 

2 


E\(nh) + 


e -nft 
1E 2A 


(1+7 E 2A + nh) 


(7.1) 


where a is the surface density of the contamination, k is a constant, depending on the 
measurement units, n a and /x are, respectively, linear coefficients for y-radiation absorption 
and attenuation in air and E is the energy of the initial y-radiation; E\(x) is an integral 
exponential function such that 


E\(x) 


~E,(-x) 




t 


(7.2) 
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The dose factor arising from scattered radiation is approximated by the expression 

( fir)- 

B 0 (nr,E)=\+nr + f^. (7.3) 

Note that the numerical value of k for the fallout patterns of nuclear explosions is taken 
to be 5.09 x 10 -2 (R/hr)/(MeV-cm 3 -s) (for the average energy of the y-radiation in the 
fallout). Below are the average values of the recalculated altitude coefficients Kn(h) = 
P(h)/P(H) for energies within the range 0.225-2 MeV and H from 1 to 100 m: 


h (m) 

1 

10 

25 

50 

100 

200 

Ki(h) 

1 

0.57 

0.41 

0.29 

0.17 

0.07 

Km(h) 

5.8 

3.3 

2.4 

1.7 

1.0 

0.40 


Within the range of energies of nuclear contamination, the altitude-recalculated coefficients 
do not change significantly (by less than 20%) (Izrael, 1964). The dependence of 
PWr/P( h )oo on the radius of the sites R for different heights h and energy 0.7 MeV 
(the average energy of the y-radiation of a nuclear explosion) was analyzed by Izrael 
and Stukin (1967). With this analysis, the fraction a = P(Ii)r/P ih)^ of the dose rate 
contributed by a site with any radius R to the total dose rate from a site with infinite radius 
can be evaluated. 

Note that, up to a height and radius of ~200 m at sites contributing similar fractions of 
the total dose at the observation point, the dose rates do not differ by more than 20% over 
the energy range 0.5 MeV < E < 1.5 MeV at a < 0.8 and depend only to a slight degree 
on the initial energy of the y-radiation. Up to h — 200 m, for energies of 0.5-2.5 MeV 
and for contaminated sites with radii larger than 500 m, one can use Eq. (7.1) which was 
developed for a site of infinite radius. Using this approach, the error does not exceed 10%. 

Table 7.1 shows the results of calculation of the dose rate at a height of 1 m from a planar 
isotropic source covered with the radionuclides that are the most common in global fallout 
(surface concentration of radiation is taken to be 100 mCi/km 2 (= 3.7 GBq/km 2 )). 

The intensity of non-scattered y-radiation above the planar isotropic source covered by 
monochromatic radiation is as follows: 


1(h) = 


a E\(iJ.h) 
2 


(7.4) 


Table 7.1 

The dose rate above a planar source of contamination by different radionuclides 


Radionuclides 

<j [MeV/(cm“ s] 

Calculated dose rate (mR/hr) 
(Izrael, 1964) 

95 Zn + 95 Nb 

0.28 

1.40 

103 Ru 

0.164 

0.83 

1°6ru (106 Rh) 

0.070 

0.36 

l37 Cs+ 137m Ba 

0.20 

1.00 


1 mR/hr ~ 10 pGy/hr. 
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and 


COO 

a = 2pi 1(h) d/;. (7.5) 

Jo 

Integrating the spectral-angular function of radiation from the planar isotropic source 
with respect to either direction or energy, one can easily obtain the angular or spectral 
distribution of the radiation. Izrael and Stukin (1967) and Kogan and Fridman (1960) have 
presented data on these distributions. 

The dose rate P v (h) at height/; above an infinite layer of radiation, which concentration 
of contamination <ry(z) decreases exponentially with depth z (e.g., contamination of soil 
by radioactive products after a nuclear explosion), can be written in the following form 
(Izrael and Stukin, 1967): 


P v {h) = kav »° a 

2m 


E\(ph) — E\(/3ph) 


+ -—-e-^ 


1 + ^( , +^ + ^j 


(7.6) 


where ay(z) — <ry 0 e~ mz , CTy 0 is the contamination concentration in the near-surface layer, 
/S = 1 + m/p. o; po< M are linear coefficients for absorption of gamma energy E by the 
ground and the air, respectively. In this case, the intensity of the non-scattered radiation is 
expressed as 

h = ^[E^nh^-t-V-'WEUfinh))]- (7.7) 


2. Influence of Natural Environmental Conditions on the Surface y -Field 

The y-radiation field above a ground surface actually contaminated by radionuclides 
differs from that of an idealized planar isotropic source located in infinite atmospheric 
surroundings. The differences are conditioned by: 

(i) the influence of substances in the underlying surface, being distinguishable from 
the air by its density and atomic composition; 

(ii) irregularities/roughness in the underlying surface; 

(iii) the presence of vegetation; 

(iv) any change in air density depending on temperature, pressure and humidity under 
real conditions as well as by the occurrence of precipitation (rain and snow). 

The influence of these factors on the y-radiation field above a contaminated land surface 
under natural conditions has been considered by Izrael (1963, 1964 and 1974) and Izrael et 
al. (1962), Izrael and Stukin (1967), and by others based on the assumption that the source 
remains only at the surface. The results obtained are briefly presented below. 

Experimental and calculated data show that the dissimilarity between the atomic number 
of the ground and that of the water/air does not have a practical effect on the distribution 
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of the y-radiation dose rate in the air from a planar isotropic source that is located at the 
interface between these media. The influence of micro-relief on the y -radiation field of the 
surface contamination leads to screening/shielding by soil undulations and thus a part of 
the radiation is not seen at the observation point. A detailed experimental investigation 
of the influence of micro-relief on the y-radiation field of the surface contamination 
has been carried out (Izrael, 1963). The results showed that micro-relief only influences 
the y-radiation field at low heights and that, at levels above 10 m, its influence can 
be neglected. When making measurements at a height of 1 m, we can, for practical 
calculations, take the following correction coefficients for the decrease in radiation levels: 
0.75-0.80 for even surface sites, 0.7 for steppe and 0.5-0.6 for arable lands. 

If the radioactive products were deposited in a region covered with vegetation, then, at 
some time later, the surface source of contamination is transported beneath the vegetation 
cover because of the influence of wind and rain. In this case, the vegetation cover screens 
the y-radiation from the terrestrial contamination. This screening is especially noticeable 
in a forest stand zone. 

The absorption properties of plants are mainly determined by the biomass distribution. 
For a given type of planting, the amount of forest biomass, calculated per unit area, depends 
on the conditions of growth, the completeness of cover and the age. Izrael (1974) has 
described the biomass storage factor, q, for the most widespread types of plantings. In 
connection with the fact that wood consists mainly of organic compounds, the whole 
system of absorbing media (soil, forest biomass, air) can be considered in terms of an 
air-equivalent medium. If we neglect the anisotropy of the absorbing medium in our 
calculations (this does not result in great error), then, according to Izrael and Stukin (1967), 
the coefficient of screening of the y-radiation dose rate amounts to 


/(<?) = 


P(Mitf) 
P[p\ H + 


(7.8) 


for a forest vegetation cover. Here, /xj is the linear coefficient of attenuation of the 
y-radiation in air; fin/x is a mass coefficient of attenuation in wood, where k is the wood 
density; H is the height of measurement (H > h, where h is the height of the planting); 
q is the biomass storage, g/cm 2 . 

Figure 7.1 shows the relationship between the coefficient f(q) and age T and the 
estimated productivity for different forest plants (the latter indicated in parentheses where 
I denotes the best, III is medium and V is the worst). To calculate the screening influence of 
the forest at H < h, it is necessary to substitute in expression (7.8) the amount of biomass 
enclosed within the layer between the surface and height H. 

Usually, the re-calculation of a dose rate from height h of a survey to height h — 1 m is 
performed for a homogeneous atmosphere under standard conditions, i.e., constant density 
with p = 1.293 g/1, / = 0 °C and pressure 760 mmHg. It is known that the standard 
atmospheric density changes with height and is well described by the barometric formula. It 
is an easy matter to show that, for the standard atmosphere, the coefficient of recalculation 
of the radiation dose rate from a height of 200 m to the earth’s surface, /f 20 o(l)> is different 
from that calculated earlier for a homogeneous atmosphere, by a value not greater than 2% 
(not greater than 4% for non-scattered y-radiation). At lesser heights, this change is smaller 
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Fig. 7.1. Dependence of the coefficient /(</), for screening the y-radiation by forest cover, on biomass storage q. 


still. Changes in air temperature T, pressure p (but not water content W) affect the values 
of the recalculation coefficients more so. 

K ioo(l) for the dose rate does not change essentially with variations in the water content 
of air (the value of 10~ 6 g/cm 3 corresponds to a thick fog, while 4 x 10~ 6 g/cnr 3 is 
appropriate to a heavy rain). The temperature change from -30 to +30 °C results in a 
ATioo(l) change of approximately 20%. while a pressure change of 50 mmHg changes 
K m {\) by about 5%. For the intensity of the primary y-radiation, changes of this 
coefficient are more essential. 

Coefficients of recalculation Ki,[H] for real conditions are determined by: 

K h [H] = K ho (H 0 ), (7.9) 


where 


. ,p{N,p,W) 

h o = n - 

Po 


and 


H 0 =H 


p(T, p, W) 
Po 


and Ki H) (Ho) is the coefficient of recalculation for a homogeneous atmosphere. In addition, 
it should be noted that, when determining a from the measured dose rate P , the most 
widespread source of errors is from the medium absorbing the y-radiation not being 
described in “air-equivalent” terms. This effect happened to be the source of error when 
casual and unprofessional measurements of the dose rate were made using the geological 
“SRP” instrument in some contaminated areas after the Chernobyl accident (see the 
introductory Glossary of definitions and units for details of this error source). A “non- 
equivalent-to air” Nal (Tl) crystal was used in this instrument as the y-radiation detector. 
Here, the errors were equal to 1.5-2.0 times and larger. The crystal was used to improve the 
instrument sensitivity in geologic surveys but it was not designed to measure the exposure 
dose rate of the y-radiation. 
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A correction factor rj for “non-equivalency-to air” of a Roentgenometric instrument can 
be determined from the expression (Izrael and Stukin, 1967) 

/ ( f°/(£o,£)£(£)er a (£)d£' 

ri(Eo) = J0 - ---—-, (7.10) 

f 0 to I(E 0 ,E)a a (E)dE 

where I(Eq, E) is the spectral composition of the y-radiation at the measurement point, 
!(£) is a change in sensitivity of the dose rate detector with E and Eq is the primary 
energy of the y -radiation. 


3. Aerial y -survey. Determination of the Total Surface Density of the Terrestrial 
Contamination from the Measured Dose Rate 


The dose rate Ph near the earth’s surface (at height H = 1 m) can be determined from 
the measured dose rate P at some other height h (for instance, from onboard an aircraft 
during a gamma-survey): 


Ph = P(h)K H (h)r] r (h)Tif(h)r] p (h)ii t (h)ri u ,(h), 


(7.11) 


where Kn(h) is the altitudinal recalculation coefficient from height H to height h for 
an ideal even surface and a standard atmosphere; rjj(h) are correction coefficients taking 
into account the influence of real conditions; t? r (/0 are those for the roughness of the 
earth’s surface, rjf(h) —for vegetation (mainly forest) cover, r] p (h) —for pressure, r],{h )— 
for temperature, and r] w (h) —for air humidity. 

As shown in previous sections, the value of AT//(/r) for 1 m < H ^ 200 m depends only 
to a slight extent on the primary energy of the y -radiation within the range of the radiation 
energies from products of nuclear explosions. Average values have been presented in 
Section 1 (for H = 1 and 100 m). Values of the correction coefficients r]i(h) have also 
been presented in previous sections; for the most part, they ( rj p , rj t , rj w ) are close to unity. 

The mathematical relationships between the surface density of the contamination a 
on the surrounding land and the dose rate P are also presented in previous sections. An 
approximate value for the surface concentration of the y-radiation a, expressed in terms of 
energy units can be determined, with an accuracy of up to 20-25%, from the known dose 
rate P at height h 200 m where the spectral composition of the gamma-radiation is not 
known but within the limits stated using expression (7.1). Data from surface measurements 
of the contamination density can be used for the experimental determination of a real 
numerical value of the coefficient relating P to a in (7.1). It is possible, however, to 
dispense with the determination of this coefficient, as shown by Izrael (1964), using the 
expression: 



P(h)dh = 


ka 

T‘ 


(7.12) 
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From (7.12) and the relationship 
P{h) = P(H)K n(h) 


(7.13) 


it follows that 


2 r°° 

a = - / P(h) dh = 

k Jo 


2 P(H) 
k 



K H (h)dh. 


(7.14) 


Hence, to determine the numerical value of the coefficient relating a to P(H) in (7.13), it 
is sufficient to know the dependence of ku(h) above the radiative plane. On the basis of 
(7.14), we can write 


a = L h P(H), 


(7.15) 


where 


L H = j f K H (h)dh. (7.16) 

k Jo 

The scatter of values for L//, calculated for different values of E within the range 0.09- 
3.0 MeV, is smallest when H — 100-150 m. Thus the height interval H — 100-150 m is 
optimal for calculations of a from measured values of P(h) under an unknown spectral 
composition of the primary y-radiation, i.e., for the y-survey of contaminated ground. For 
H = 100 m, L h = 1.2 x 10 6 MeV/(cm 2 s)/(R/h). 

Having written 


M ti = 



K H (h)dh 


(7.17) 


we obtain, for H = 100 m. Mh =318 m (+7%). For H = 1 m, Lh =2.1 x 10 5 MeV/ 
(cm 2 s)/(R/h) and Mh = 55 m. In the case of the radioactive fallout pattern, on rather 
barren, almost plantless, territory, the Mh value would be slightly larger than 55 m. Thus 
when determining the total amount of a radioactive substance at a contaminated site, one 
can use the above relationships. 

If the radioactive products were distributed irregularly over the area as, for example, in 
the close-in fallout patterns of nuclear explosions, then, when crossing the contaminated 
site, one can directly determine the total amount, A of the substance (in energy units) at 
any selected site just by measuring the dose rates at different levels above the contaminated 
land. Thus, assuming that about half of the energy radiated by the surface source is in the 
form of y-radiation and the integration is performed along the fallout pattern (R is the 
distance along the pattern axis and / is the distance across the axis), it follows that: 


= 2 cl I P h (R, I) dR dl I K H (h)dh, 

Jr Ji Jh 


(7.18) 


where c depends on the measurement units. 
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Fig. 7.2. Character of dependence of the quantity of radioactive products A(R) (in conventional units) in the 
fallout pattern from a different nuclear explosion on distance R from the epicenter. 


Integration over the surrounding land can also be performed using the expression: 
G P at= ( Sl P(H)dS f K H (h)dh, (7.19) 

JSi JH 

where Si and S 2 are the areas bounded by the isolines of maximum and minimum dose 
rates and the integration is performed over the areas enclosed by neighboring isolines; Ph 
is the dose rate at some fixed height. 
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The value A is conveniently expressed in units of P ■ km"/hr or MeV/s. The unit 
p . km 3 /hr is equivalent to the rate of absorption of energy in 1 km 3 of air, at each point of 
which the dose rate amounts to 1 R/hr (~10 mGy/hr); 1 P • km 3 /h = 19.6 x 10* 5 MeV/s. 
To illustrate the relationship, Fig. 7.2 gives the values of A(R) = f t P(R, I ) d/ (in relative 
units) for six nuclear explosions that were performed at the Semipalatinsk Test Site 
during 1953-1962. These data were published by Loborev et al. (1994). We mention 
in passing that a number of experimental data similar to those shown in Fig. 7.2 (in 
particular Fig. 7.2b) were obtained personally by the author in 1954 using aerial gamma- 
survey employing Roentgenometric equipment. Clearly, when performing such a survey, 
the influence of real conditions were taken into account by introducing the necessary 
corrections. 

In practice, it is best to introduce all of the above correction factors for the determination 
of the final values of Mh . Thus, for H = 1 m, taking into account the micro-relief, a value 
of M h ~ 80 m resulted, with L H ~ 3 x 10 5 MeV/(cm 2 s)/(R/hr), compared to an idealized 
source where M H = 55 m. The M H value reached 110 m for a terrain that had, as its 
absorption layer, a covering of grass, the situation that existed for the fallout patterns after 
the Chernobyl accident (Izrael et al„ 1987b). 

Calculation of the quantity of a radioactive substance, in energy units, is especially 
convenient when a portion of the deposited substance (from the whole quantity of the 
radioactivity formed) is determined in one or other section of the lallout pattern because 
the quantity of substance in MeV/s, formed in fission of any type, is well known for any 
moment of time. 

When determining the surface density of contamination from a measured dose rate, 
one should consider possible instrument errors, the most important being those connected 
with the “non-air equivalency” of the y -radiation detector. That is why, in aerial gamma- 
surveys, the most correct approach is to use an air-equivalent detector (for example, an 
organic crystal or specially designed counter). The use of detectors such as sodium iodide 
crystals can lead to significant errors since their readings depend strongly on the spectral 
composition of the radiation and hence on the time after the explosion, the flight altitude, 
etc. As indicated above, at a height of 1 m, it overestimates the dose rate by 1.5-2 times. 


4. Aerial y -survey. Estimation of the Surface Density of the Terrestrial 

Contamination by Individual Nuclides 

The determination of land contamination by individual radionuclides can be carried out 
either through laboratory analyses of samples taken from the fallout pattern or by means of 
gamma-spectrometric equipment installed on board an aeroplane or helicopter. The latter 
method facilitates the conduct of surveys of contaminated territories quickly and over large 
areas. Unfortunately, there is a drawback to this method in that it is not possible to obtain 
reliable data on nuclides having /-radiation energies less than 0.3 MeV. 

A plan for a gamma-spectral survey is as follows: an instrumental gamma-spectrum 
or a part of the spectrum is measured over a zone of the radioactive fallout for a short 
time interval, i.e., for several seconds. It is then transformed into a true spectrum through 
a reciprocal matrix and, from this, the terrestrial contamination by individual nuclides is 
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calculated. This approach is somewhat complicated due to some uncertainties arising in this 
method of contamination determination. Usually, a simpler approach is used; a photo-peak, 
corresponding to the i th radionuclide, is separated in the instrumental gamma-spectrum, 
then the area or intensity E) of the photo-peak is calculated, corresponding to 

the activity. Using certain recalculation coefficients b(ho, Eq), the surface density of the 
terrestrial contamination by a given nuclide is determined. The coefficient b(hQ, Eq ) is the 
ratio of the photo-peak intensity with energy Eq at height ho to the density of the surface 
contamination of the surrounding land by a nuclide having a gamma-line with energy Eq 
and a quantized output equal to unity. So, 

S(fio, h, Eo)F(h,ho, Eq) 

CT = --————-, (7.20) 

K(E n b(ho, Eq) 

where F(h,ho , Eq) is the coefficient of reduction of the photo-peak intensity at height h 
to height ho, and K t £ () is the quantized output of the gamma-line with energy Eq of the i th 
nuclide. 

The coefficient b(ho, Eq) can be determined from measurements over a “reference” 
site, either artificially created or natural, that simulates the radioactive contamination of 
the terrain. Izrael and Stukin (1967) has described this procedure for the nuclides 51 Cr 
(£ = 0.32 MeV), 124 Sb {E =0.603; 1.69 and 2.09) and 60 Co (E = 1.17 and 1.33 MeV) 
where data on the y -radiation spectra were obtained above sites that were artificially 
created from point sources distributed over an area with sufficient spatial resolution. 

As gamma-spectrometry systems have improved, the processing and analysis of the 
spectrometric gamma-survey data have been simplified and become more widely used. 
Detailed descriptions of such methods have been presented in a number of papers, 
including for example, the fundamental work by Kogan et al. (1991) and later in Fridman 
and Nazarov (1994). 

In conclusion, it may be of interest here to indicate a means of isolating and examining 
surface contamination phenomena against a background of radiation from other sources. 
Such a case arises when surveys of a fallout pattern are being conducted in the presence 
of radioactive gases and/or a passing radioactive cloud or plume. Certainly, the simplest 
approach would be to wait for the cloud to move on or for the stream of radioactivity 
emissions to cease. In some cases, however, the stream of radioactive gases persists 
over a long period of time (as, for example, after the Chernobyl accident and in certain 
underground explosions). Usually, in such cases, the aerial gamma-survey of the fallout 
pattern can be continued even in the presence of other surrounding sources of radioactivity. 
What is required in this situation is two radiation detectors, one that is isotropic in its 
detection capabilities and the other directional. The latter is shielded/screened so that only 
the radiation coming from below can be registered. The radiation contribution originating 
from the surface contamination can be determined roughly through comparisons of the 
results of these two detectors. 

The monograph by Izrael and Stukin (1967) presents in some detail the problems 
encountered in the theoretical approaches to the assessment of gamma-fields above planar 
and volumetric sources and in the experimental data from surveys of the fallout patterns 
after nuclear explosions. In this book, the methodological basis of using Roentgenometric 
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equipment is described for the conduct of gamma-surveys of the fallout patterns produced 
by nuclear explosions. This approach was actually introduced with the participation of 
the author in the former USSR in 1954 and later in 1957 with the conduct of large-scale 
gamma-spectral surveys. These approaches were developed in subsequent studies (Izrael, 
2000 a & b; Izrael et al., 2000; and Kvasnikova, 2000). 
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The large-scale radioactive contamination of territories, mainly by fallout from nuclear 
explosions and accidents, has led to consideration of possible ways and means of restoring 
or rehabilitating the land to levels that would be acceptable for human habitation and 
use for economic purposes. This problem is especially acute in severely contaminated 
regions that were previously inhabited and used for agricultural and other purposes. Related 
restoration experience was gained from earlier efforts in regions that were polluted from 
various usages, e.g., after the exploitation and mining of radioactive minerals, after various 
small accidents at industrial enterprises and where radioactive substances had been used 
for medical purposes. The restoration of contaminated territories became a major problem 
after a series of large-scale accidents, such as that leading to contamination of the South 
Urals in 1957 and, most certainly, after the Chernobyl accident of 1986, as well as after a 
number of nuclear tests both on the surface and underground. 

It is apparent that, in cases of large-scale contamination of a terrain, vigorous and 
efficient measures are imperative so that external radiation doses are minimized and the 
transport of radionuclides by wind or groundwater is controlled. It is especially important 
in zones where the population or personnel employed by the power stations and enterprises 
may not be able to leave the area or where the lands are being used for economic purposes 
(especially for agriculture). 

Efficient decontamination is needed to clean the terrain, roads, buildings, and equipment. 
The territory must also be decontaminated and measures taken to reduce radionuclide mo¬ 
bility through their “fixation”. Measures for cleaning, together with the experience gained 
in a number of different countries, have been summarized in IAEA documents (IAEA, 
1998a & b). Obviously, if we are to carry out efficient cleaning and decontamination fol¬ 
lowed by total or partial rehabilitation of the contaminated territories, it is necessary to 
have a comprehensive understanding of the character and features of the contamination, 
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Table 8.1 

Scheme of fractionation, mobility, solubility, and biological accessibility of radionuclides in natural environments 


FRACTIONATION 


^ MOBILITY 


SOLUBILITY 


Spreading 

Formation 

Wind 

in the 

of fallout 

migration 

atmosphere 




Mobility by 
migration in 
soil 


Mobility by 
migration with 
underground waters 


Mobility by 
migration with 
surface waters 


> Biological accessibility 


Penetration into 


Penetration into 


Penetration into 


Penetration into 

vegetation by 


vegetation via 


organisms by food 


humans via food 

non-root intake 


roots 


chains 


chains 


the distribution of the radionuclides in various natural matrices, the radionuclide compo¬ 
sition of the contamination, its properties (fractionation) including mobility (migration), 
solubility and biological accessibility (see Table 8.1). 

Radioecological monitoring must be carried out, first of all, including the tracing, 
estimating and forecasting of the behavior of the radionuclides. The results must be 
quantitative so as to obtain adequate information on the radionuclides at all stages of 
their distribution and transformation. Radionuclide behavior and transformation (besides 
nuclear transformations) characterize the fractionation, mobility, solubility and other 
possibilities for its transport from one medium to another. Together with biological 
accessibility, these features constitute the most important factors for our understanding 
of the ingestion of radionuclides by, and their incorporation into, every living being. 

A knowledge of these characteristics, together with the physical properties of the 
individual radionuclides (rate of decay, type of radiation), makes it possible for us to 
estimate the degree of hazard associated with the contamination and to take measures for 
the prevention or reduction of the danger and for the rehabilitation of the contaminated 
environment to levels suitable for life and the economy. It is also necessary to be 
well informed as to the location of the population and livestock and the distribution of 
agricultural lands. 

Prior to dealing with the cleaning, restoration and rehabilitation of the contaminated 
territories, the most important components of Table 8.1 will be examined because 
knowledge of these factors ultimately determines the approaches that will guarantee a 
highly efficient result for the clean-up and restoration process. 


1. Fractionation 

After the radioactive products have been released from their different sources, their 
fallout on and spread through a terrain begins, along with their migration into different 
media, mainly as particles derived from the ground surface or from bomb construction 
materials, destroyed reactors, etc. or in a dissolved state in natural waters. Relationships 
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between the radionuclides are permanently changed by these processes, fractionation 
taking place. Freiling (1962), Izrael (1965) and others have outlined the effects of 
fractionation and Izrael (1996) has published a general summary on the topic. Features 
of fractionation are described in detail in previous chapters. 

In nuclear explosions and reactor accidents, the radionuclide mixture consists of 
products of nuclear fission, induced activities (by neutron activation of bomb material 
and/or elements of the ground surface), trans-uranium elements, and, possibly, tritium. 
The fractionation coefficient of the i th radionuclide is usually expressed as its abundance 
ratio relative to the radioactive isotope of a refractory chemical element (e.g., 95 Zr, "Mo, 
144 Ce, etc.). The effects of fractionation, as already mentioned, are described in previous 
chapters, and therefore we dwell only very briefly here on this part of the problem. A major 
factor in fractionation is the extent of penetration of different radionuclides into the molten 
ground matrix or into bomb fragments or, when it occurs at a nuclear power station, into 
materials used in the construction of the reactor, by the radioactive particles in the fireball 
of an explosion or in the radioactive cloud. The aerosol particles thus formed spread 
around, giving rise to the radioactive contamination of natural materials (Izrael, 1973). 

Clearly, after a nuclear explosion, when the molten particles of ground-derived material 
at the test site have not yet hardened (for SiCF, the melting point temperature is about 
1700 K), the refractory radioactive products can penetrate them. Later, they become 
distributed throughout the molten material and, as the material hardens, the volatile 
products tend to accumulate on the particle surfaces some several seconds after the 
explosion. In this situation, the hazardous radionuclides 90 Sr and 89 Sr that have volatile 
precursors in their decay chains (i.e., 89 Kr and 90 Kr, 89 Rb and 90 Rb) will settle out 
on particle surfaces (small and fine particles have the largest surface area) and become 
distributed over great distances. On the other hand, the refractory 95 Zr and plutonium 
isotopes that now form part of the particles (especially the larger ones) fall out mainly 
within relatively short distances to form the "local"’ fallout pattern. 

If a reactor is destroyed, then the main quantity of 89 Sr and 90 Sr will be determined by 
their accumulation over a long period of time before the accident and these radioisotopes 
will behave as refractory nuclides, falling out in the local areas near to the accident. The 
cesium isotopes ( 134 Cs, l37 Cs), being species of a volatile chemical element, at the time of 
the explosion/accident will behave as volatile products and consequently spread out over 
rather large distances. At first, short-lived 131 1 is very dangerous. The isotopes of Zr and 
Pu, being refractory, will fall out in the local zone, as has been confirmed experimentally. 


2. Radionuclide Mobility after Nuclear Explosions and Accidents 

Isotopic fractionation has a significant role to play in the mobility and accessibility of 
radionuclides in the widest sense. Obviously, radionuclide transport in the atmosphere (at 
the time of formation of the radioactive fallout) depends mainly on atmospheric properties 
(e.g., density and meteorological conditions) that determine both the rate of particle 
dispersion and the composition of fallout on a terrain and also the properties of the particles 
themselves. Most important is the radioactivity distribution with particle size and hence the 
rates of fallout deposition. 
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Extensive experimental data are available on the radioactive contamination of the natural 
environment. With this comes the experience to create complex models that describe the 
distribution of the total radioactivity and that of the individual radionuclides in the natural 
environment such as in the atmosphere, the terrestrial environment, etc. (see previous 
chapters). Judgments on the degree of radionuclide spreading over different distances and 
its fallout onto specific areas of the terrain can be made throughout the various stages 
in the formation of fallout from the first stage of mobility/dispersion in the atmosphere 
onwards (see Table 8.1). These data are summarized in Izrael (1996b), Aleksakhin and 
Korneev (1991) and other publications. At this stage, it is already predictable that the 
refractory nuclides from the nuclear explosions, namely 95 Zr, 95 Nb, "Mo, isotopes of 
plutonium and, after Chernobyl, 89 Sr and 90 Sr, will fall out in the local or close-in zone, 
while the volatile elements will spread over great distances, including amongst these, after 
a weapons explosion, 89 Sr and 90 Sr. Such conclusions were reached in rather a timely 
manner in that they were invoked after the Chernobyl accident, where among the volatile 
and hazardous radionuclides that were spread over long distances, were 131 1 and the 
cesium isotopes, particularly l:,7 Cs with its longer half-life, while, in the near-zone, mainly 
within the 30-km boundary, the main quantities of the strontium and trans-plutonium 
radioelements were found. 

Problems associated with the behavior of these and other radionuclides were especially 
complicated after the Chernobyl accident. They were investigated experimentally and 
theoretically for the different directions of spreading of the radioactive debris. Due to 
the extremely complicated meteorological situations that prevailed and the fact that the 
radioactivity emissions lasted for ten days, the configurations of both the close-in and 
distant fallout regimes were very intricate (see Fig. 5.13). 

Radionuclide fractionation in different directions of fallout patterns resulting from 
different radioactivity releases from the reactor differed quite markedly. At the outset, 
the first portion of the radionuclides was only weakly fractionated, it being similar to 
that accumulated in the reactor (/ 137.144 ~ 1.0) (see Fig. 5.14). In directions other than 
the areas to the south, the fractionation of the volatile products relative to the refractory 
nuclides was very large (/ 137.144 reached values of 25-35). In southerly directions, where 
the fallout occurred between April 30 and May 1, 1986, / 137 J 44 again approached unity 
(Izrael et al., 1990). 

At great distances in the north and north-easterly directions (in the Gomel, Mogilev 
and Tula regions), “cesium hotspots” were formed with a predominant content of the 
radionuclide I37 Cs in the fallout mixture and huge numerical values of the fractionation 
coefficients of the volatile radionuclides, with values of 95 for 171 1 up to 200-290, tor 
] lOmAg U p to 100-190, for 125 Sb up to 150-250 and for l37 Cs up to 170-370 (Izrael et 
al., 1990). Similar coefficients of fractionation were observed for l37 Cs also at very large 
distances, i.e., for many countries in Europe (De Cort et al., 1998). As is seen from these 
data, radionuclide mobility was significantly determined by their fractionation. 


3. Solubility and Biological Accessibility 

As noted above, migration and mobility of radionuclides significantly depend on 
radionuclide solubility. Here, one should distinguish between the radionuclide solubility. 
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described as the direct transfer from a radioactive particle or solid sample into an aqueous 
form, from the “integral” solubility which is the ability of a radionuclide to transfer into 
the liquid phase (taking into account the time it remains in this phase and also ion- 
exchange reactions), this latter determining nuclide mobility in the natural environment 
over large distances, including the migration of radioactive particles, etc. It is obvious that 
radionuclide solubility determines biological accessibility to a large extent, i.e., transport 
along food chains and uptake by animals and/or human organisms. 

Below we consider the available data on solubility and biological accessibility after 
certain nuclear explosions and accidents (Izrael, 1996b. 1973; Izrael et al., 1990; 
Aleksakhin and Korneev, 1991, etc.). If the material that comprises the underlying particles 
is practically insoluble in water and weak acids (e.g., SiC> 2 ), then, on the basis of the level 
of surface coverage by particles N'(t, r), an estimate can be made of the fraction of the 
nuclide that is subject to “leaching”. This portion can be considered to be a measure of 
the magnitude of the biological accessibility and is determined from the quotient of the 
relative accumulation of this nuclide from the radioactive particles of the explosion by a 
biological system relative to the relative accumulation of the same nuclide from solution. 
The magnitude of the biological accessibility for 90 Sr on these particles turns out to be 
practically equal to that portion of the 90 Sr that is soluble in IN HC1, i.e., it approaches the 
fraction of 90 Sr deposited on the surfaces of the particles after they have solidified. So one 
can imagine that the maximum value of the coefficient of biological accessibility of the 
i th nuclide coincides qualitatively with the fraction of the nuclide situated on the surfaces 
of particles of a given size (i.e., that settled after particle solidification) if the underlying 
substance is practically insoluble in water or weak acids. Thus, the coefficient of biological 
accessibility for atmospheric nuclear explosions (Izrael, 1973) is 


bj(d,t, t\) 


Nf(d.t) 

N?(d,t) + N?(d,t)' 


( 8 . 1 ) 


where Nf, N ( v are, respectively, the distributions of a radionuclide on the surface and in 
the volume of a particle of size d, tj being the time of particle solidification. 

9l) Sr that is associated with large particles is more soluble than the sum of the fission 
fragments, the latter not being large, and the soluble portion is smaller than that in the 
fine particles from ground and tower explosions. The solubility of nuclides in particles 
following the most powerful explosions is the lowest. The solubility of refractory particles 
from air explosions even in 6N HC1 does not exceed several percent. Not more than 2% of 
the activity enclosed in particles of sizes exceeding 50 pm was present on the surface 
of vitrified spheres collected at the Nevada test site. Among these particles, the main 
contributors to the leached activity belonged to nuclides of iodine, cesium, strontium and 
barium, i.e., the nuclides having volatile (or gaseous) predecessors. 

Figures 8.1 and 8.2 show the dependence of bjU, t,,d) on the particle sizes of near 
fallout after a ground explosion for 90 Sr, 89 Sr (Fig. 8.1), llb Ru. I3I I and l32 Te (Fig. 8.2) 
(for tj — 7 s, i.e., the time of particle hardening after a 20-kt explosion). 

The dependence of the average coefficients of fractionation and biological accessibility 
for a mixture of radioactive products in the local fallout pattern from a nuclear explosion 
as a function of time is shown in Fig. 8.3. After underground explosions, the nuclides on 



248 


Radioactive Fallout after Nuclear Explosions and Accidents 




100 1000 (J 

Fig. 8.2. Dependence of coefficients of biological accessibility for l0 'Ru. 131 1 and l32 Te on particle size for 
ground explosions. 


the particle surfaces (volatile or with volatile predecessors) transfer into solution at the 
first opportunity. After the “Sary-Uzen 1003” explosion, conducted by the former USSR, 
several fallout samples taken in the near-zone were treated with distilled water and it was 
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bi(t) fx, 95 (t) 



Fig. 8.3. Dependence of integral coefficients of fractionation and biological accessibilities bj(t) of a 

mixture of radioactive products in the close-in fallout pattern at time / after a ground nuclear explosion. 


found that the nuclides 89 Sr, 90 Sr, l40 Ba, 103 Ru, l06 Ru and ,25 Sb mainly went into solution 
(the same was observed for samples taken at the crater). On average, from the data on 20 
samples taken from different parts of the fallout from the base surge cloud, it was found 
that the quantities dissolved in water were, for 89 Sr 70-90%, 90 Sr 4-6%, 140 Ba 0.5-2%, 
i03 Ru and 106 Ru 7-20% and 125 Sb 1 .5-7% at 7 days after the explosion. The solubility of 
89 Sr and 90 Sr increased almost linearly with distance and reached 70-80%, after which it 
varied only slightly. The behaviors of l40 Ba, 103 Ru and l06 Ru were similar to those of 89 Sr 
and 90 Sr; beginning at a certain distance from the epicenter, their solubility was 20-30 and 
5-7%, respectively. All nuclides investigated could be arranged in sequence with respect 
to their solubility (Izrael et al., 1970b): 

89 Sr > 90 Sr > 125 Sb > l40 Ba > ,03 Ru > l06 Ru > l37 Cs > l34 Cs, i41 Ce > 54 Mn, 60 Co, 144 Ce, 91 Y, 95 Zr 

1.25 1.0 0.3 0.24 0.1 0.04 0.02 0.01-0.001 

(the solubility of 90 Sr is taken as unity). 

It was noticed that the coefficient of dissolution of the nuclides in water decreased with 
increase in particle size. 

The ion-exchange capacity of particles of soil or rock is determined either by the 
retention of charged ions as a result of surface attraction or by direct internal ion exchange. 
For many minerals, both mechanisms operate. Using the data on radionuclide solubility 
and ion-exchange reactions, one can estimate the mobility of the radionuclides in both 
ground and surface waters. 

As early as May 1986, using the above approaches for land contamination after 
the Chernobyl accident, we were able to obtain preliminary favorable forecasts of the 
contamination of local rivers and water reservoirs for the subsequent spring flood of 1987. 
The predictions did not exceed the established norms. For this work, the coefficients 
obtained earlier for radionuclide migration in ground waters were used (Izrael, 1974). 
Apparently, the calculation of the runoff of radioactivity from contaminated terrain, based 
on use of the distribution coefficients for ground waters, can give slightly underestimated 
results but can, nevertheless, be used for rough estimates. 
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The possibilities of radioactive product migration in ground waters, after nuclear 
explosions, were estimated in Izrael (1974). Here, the equations for ion exchange include 
the constant A<j, termed the distribution coefficient. This relates to the ratio of the ions 
bound in the solid phase to the number in aqueous solution. The Ad values change for 
different minerals and nuclides within the range 10 1 —10 5 . Those with the smallest Ad 
coefficients are ruthenium followed by strontium, cesium, cerium and plutonium. The 
average values of Ad for the nuclides (determined in fallout from nuclear explosions) 
amount to 10 2 -10 3 , with values for strontium of 10-2 x 10 3 , for cesium of 10 2 -10 4 
(sometimes 10 5 ) and for cerium of 10 4 -2 x 10 5 . The average Ad value for fission products 
after about one year is estimated at 370 (clearly, for tritium, Ad = 0). 

In accordance with the data in Aleksakhin and Korneev (1991), the Ad values 
(determined in fallout after the Chernobyl accident) amounted to 2 x 10 3 for strontium, 10- 
5 x 10 4 for cesium, 6.0-6 x 10 3 for cerium and 50-6 x 10 3 for zirconium (the lowest Ad 
values are for the sandy soils). Thus, ion-exchange processes reduce the potential hazards 
of underground and surface water contamination due to (i) the decrease in ion transport 
rate compared to water velocity and (ii) the decrease in concentration in the course of 
migration. 

The rate of flow, F a , of a given substance with underground waters can be expressed by 
the equation 


F a = 


F w 

\+pKi 


( 8 . 2 ) 


where F w is the flow velocity of the water, p is the ratio of the mineral weight to that 
of water per unit volume of the given mineral; usually p = 4-5. One can see from this 
formula that any given ionic flux with groundwater will be hundreds or thousands of times 
smaller than the water's flow velocity. Even under relatively large velocities of F w (about 
10 m/day), the 90 Sr migration over a distance of 1 km will take decades. 

After the Chernobyl accident, tens of control boreholes were drilled over distances 
of several hundred meters (down to the depth of the aquifer). Observations of the 90 Sr 
concentrations in the water of these boreholes, made over a period of one and half years 
after the accident, did not exceed background (pre-Chernobyl) levels, thus confirming the 
above estimates (the 90 Sr concentration in the boreholes at a distance of 150 m from the 
cooling basin amounted to 266.4 mBq/1 (7.2 x 10“ 12 Ci/1) when the permissible values are 
14.8 Bq/1 (4 x 10 _I ° Ci/1). 

Washout of the radionuclides 134 137 Cs, l06 Ru, l25 Sb and l44 Ce by floodwaters after 
the Chernobyl accident, in comparison with data for nuclear explosions, was investigated 
during March-April 1987. Five watersheds of different sizes (0.1-60 km 2 ) and with 
different landscape and topographic conditions were chosen on the right side of the Dnieper 
river (the Kiev region). Another three watersheds located on the left side of the Dnieper 
river (the Gomel region) were also studied (Izrael et ah, 1988). The washout coefficients 
were defined as: 


4,(0, t2) 
Qi 


nv, = 


(8.3) 
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Table 8.2 

Washout coefficients m; of radionuclides during the spring flood in 1987 after the Chernobyl accident 


No. of watershed 

134 Cs 

l06 Ru 

l25 Sb 

l44 Ce 

1 

3 x ICT 4 

4 x I0“ 4 

3 x 10“ 4 

4 x 10~ 4 

2 

0.09 

0.2 

0.03 

0.1 

3 

0.05 

0.12 

0.06 

0.05 

4 

0.1 

0.1 

0.1 

- 

5 

5 x 10“ 3 

0.025 

- 

- 

6 

0.2 

- 

- 

- 

7 

0.4 

- 

- 

- 

8 

0.3 

- 

- 

- 


where A, is the total activity of / th radionuclide carried out of the watershed area by the 
flood waters for the time period (/|, fi): Qi is the quantity of the /th radionuclide distributed 
over the watershed area. The resulting washout coefficients are shown in Table 8.2. We 
should note that, in the Belarussian watersheds, the major part of the runoff activity was 
attributable to the radioisotopes l34 Cs and l37 Cs. 

The data from Table 8.2 indicate significant scattering of the w,- values in the flood 
runoff, depending on the landscape-ecology and orographic conditions. The highest values 
of mi (0.1«%) were obtained in the Belarussian watersheds No. 6, 7 and 8 with maximum 
runoff and at the built-up site No. 4 with its highest antropogenic erosion of soil cover. The 
lowest value of m t was on the forested watershed No. 1 (a forest gulch) with its low runoff 
values and the most favorable conditions for radionuclide fixation by the soil layer. On the 
watersheds of the Kiev region (Nos. 1-5), 106 Ru and l2s Sb were the nuclides that migrated 
most extensively. 


4. Radioactive Contamination of Vegetation and Experimental Data on the Uptake 
of Radionuclides by Humans and Animals 

Atmospheric wind transport, the migration in soil materials and hence the redistribution 
of the radioactive products are of considerable importance in the contamination of 
vegetation. This problem was investigated earlier for nuclear explosions. The results of 
investigations of the radionuclide content of vegetation cultivated in a dry steppe zone 
of the fallout area of an underground cratering nuclear explosion (Sary-Uzen, 1003 
explosion, USSR) are presented in Izrael et al. (1970b). The radionuclide composition 
of the vegetation differed from that in the soil, particularly in the near-zone, where the 
vegetation was depleted in 95 Zr and l44 Ce and enriched in 90 Sr and 10:, Ru. 

The radionuclide contents of plants depend on the structures of their above-ground 
features. Plants with strongly dissected and rough surfaces of stems and leaves are 
contaminated several times more than those with smooth surfaces and low ratios of surface 
area to biomass. Thus, the contamination of vegetation on pastures is approximately an 
order of magnitude larger than on haymaking areas. In the zone of dry steppes, the nuclide 
uptake by plants (in the first year after an accident) is largely through their above-ground 
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parts; the contribution from the roots and the soil is negligible. Martin (1965) presented 
the results of investigations of radionuclide uptake by vegetation grown on a soil from 
the ground bulk of the “Sedan” explosion. The plants strongly concentrated isotopes of 
tungsten through the root system and to a lesser degree 46 Sc, 54 Mn and 88 Y and the fission 
debris of 89 Sr, 90 Sr, 95 Zr, 106 Ru, l25 Sb, 137 Cs and 144 Ce. Absorption in an acid soil was 
lower than that in a neutral or alkaline soil. 

Wider investigations of the mobility and biological accessibility of radionuclides, espe¬ 
cially of iodine-131, cesium-137 and strontium-90, were carried out on the contaminated 
areas in the vicinity of the South Urals accident of 1957 and again after the Chernobyl ac¬ 
cident of 1986 (Aleksakhin and Korneev, 1991; Izrael et al., 1990; and many others). These 
data are extremely crucial for the proper organization of rehabilitation measures in the con¬ 
taminated areas, for radiological decontamination, for economic management, especially 
of the agricultural and industrial sectors, and for civil measures necessary to ensure the 
safety and well-being of people living in these areas. 


5. Problems of Rehabilitation of Contaminated Areas. Agricultural Radioecology 

One of the main problems in contaminated areas, next to avoiding high external radiation 
doses to the population, is the difficulty associated with the safe production of agricultural 
crops that meet radiological safety standards. The internal radiation dose in such areas, 
due to the uptake of radionuclides by humans through the food chain, can exceed the 
total external irradiation dose by as much as 50%. Modification of the external dose (by 
cleaning the area and changing human behavior) is possible but not to the same degree 
as through regulation of the internal dose by changes to the economic character and 
rehabilitation of the contaminated zones. With rehabilitation, it is important to take into 
account the radiological factors (guaranteeing the radiation safety of human beings), the 
economic factors (assessments of the expediency of possible expenditures) and the socio- 
psychological factors (in particular, diminishment or complete removal of the radiophobia 
of people living on the contaminated territory). 

A conceptual scheme for the rehabilitation of agricultural lands exposed to radioactive 
contamination is shown in Table 8.3 (Aleksakhin et al., 1994). As seen in the scheme, the 
rehabilitation of the agricultural sector in contaminated areas can be either total or partial. 
For the partial rehabilitation of agricultural lands, a series of protective and restorative 
measures was developed and widely used on the territories of the South Urals (Kyshtym 
accident) and after the Chernobyl accident. In such cases, special attention was given to 
the effect of temporal change of the biological mobility of radionuclides in the “soil-plant- 
animal-man” system. 

As the radionuclides in fallout accumulate on the land surface, some are absorbed by 
the soil and, in the situation where they fall on to the surface of a water body, they are 
ultimately taken up by bottom silts. The absorption fixes the radionuclides in the upper soil 
horizons, creating a long-lasting source of radioactivity for root uptake and accumulation 
by plants. On the other hand, this absorption on the soil fixes the radionuclides in such a 
way that their assimilation through the root systems is limited. 
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Table 8.3 

Conceptual scheme for rehabilitation of agricultural lands exposed to radioactive contamination 



Radionuclide behavior is determined by its distribution between the solid and liquid 
phases as a result of processes such as the sorption-desorption of the radionuclides and the 
coagulation-peptization of colloids (Aleksakhin and Korneev, 1991). As noted previously, 
the radionuclide distribution between the solid and liquid phases is characterized 
by the distribution coefficient K^. Certain properties of the soils and the physico¬ 
chemical properties of the radionuclides and the chemical elements present, as well 
as the characteristics of the accompanying micro and macro admixtures, determine the 
distribution between the solid and liquid phases and their further behavior in the soil and 
“soil-plant" systems. After complete isotopic exchange in the soil has been attained, then 
the radionuclides and their stable isotopes behave identically. 

The chemical elements examined were divided into four groups: (i) very slow-moving— 
Zn, Cd and Co; (ii) slow-moving—Y, Ce, Fe, Zr and Nb; (iii) mobile—Na, Rb, Sr and 
Ru; (iv) highly mobile—S and I anions (Aleksakhin and Korneev, 1991). Some of the 
behavioral features of the radiologically significant radionuclides along with their stable 
analogs in soils are presented here (Aleksakhin and Korneev, 1991). 

Strontium. The fixing and distribution of 89 Sr and 90 Sr in soils are determined largely 
by the regular behavior of stable Sr; the main mechanism for 90 Sr absorption by the solid 
phase of soils is ion exchange. The liming of acid soils and the introduction of potassium 
phosphates increase the strength of the 90 Sr fixation by soils and promote its transition 
from the water-soluble and exchangeable phases into the non-exchangeable phase. 
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Cesium. A strong feature of cesium nuclide behavior is its tendency to be non- 
exchangeably absorbed by the solid soil phase along with a general affinity for ion- 
exchangeable binding. Absorption of , ,7 Cs by soil is essentially influenced by the 
potassium content as the replacement of the exchangeable cations of the soil by potassium 
essentially decreases 137 Cs sorption. The higher the content of stable cesium in a soil, the 
smaller the amount of 137 Cs that is absorbed by the soil. 

Cerium. In acid soil solutions, l44 Ce is in cationic form and is practically totally 
absorbed by the soil’s solid phase. With increase in pH, 144 Ce absorption decreases. 

Ruthenium. When the pH of the soil solution increases, 106 Ru absorption by the soil’s 
solid phase increases also. l06 Ru absorbed by soil does not enter into ionic exchange 
reactions and the anionic forms of l06 Ru are more mobile. 

Zirconium. Zr is slow moving. 

Barium. Ba is related to those elements that are rather mobile in soils. 

Lanthanum. In soils, La is in slow-moving form. 

Cobalt. In the form of cationic complexes, it is almost totally absorbed by the solid phase 
of soils; the anionic forms are more mobile. 

Trans-uranium radionuclides (TUE). It was noted that microorganisms exert a great 
influence upon the fixing and distribution of the trans-uranium elements in soils. 

Neptunium. Amongst the TUE, Np possesses by far the largest solubility in soils and the 
highest mobility. 

Plutonium. In a soil solution, Pu is mainly present as particles in hydrolyzed forms with 
wide limits of dispersion. In the “soil-water” system, K p amounts to 250-4 x 10 6 . 

Americium and curium. The main factor affecting the behavior of these radionuclides 
in soils is hydrolysis. Hydroxides of Am and Cm have a higher solubility compared to Pu 
hydroxides and these elements are also characterized by a greater mobility in soils. 

It is clear that the problem of biological accessibility of radionuclides can only be solved 
if the whole chain of radionuclide transitions and transformations is examined, including 
the most important step of radionuclide uptake by living beings. As far as plant uptake is 
concerned, the radionuclides can come from the soil or directly through the atmospheric 
route, i.e., from atmospheric radioactive fallout and/or as a result of wind transportation. 

The degree of radionuclide uptake by plants from soils depends on the physico-chemical 
properties of the radionuclides as well as on the agro-chemical characteristics of the soils, 
the biological features of the plants and the cultivation methods being employed. It is 
important to take into account all these factors to be successful in the rehabilitation of 
contaminated territories. With this knowledge, radionuclide transfer into plants can be 
minimized, thereby reducing their incorporation into the food chains and their uptake by 
living organisms. The most accessible radionuclides for assimilation by plants are those 
that arrive by way of the atmosphere and which tend to reside in the layers of the soils that 
are available to the plants. With the passage of time, it has been observed for l ?7 Cs that its 
uptake by plants tends to decrease. 

The values of the coefficient of accumulation, K d . in plants (i.e., the ratio of the 
radionuclide content per unit mass of the vegetation to that in unit quantity of soil) or 
the coefficient Kj (the ratio of the radionuclide content in a given mass of the plant (kg) to 
the density of contamination per unit surface area (nr 2 )) are highly correlated with the K ( j 
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Table 8.4 

Coefficients of radionuclide accumulation in oat grain 


Type of soil 

I06r u 

l37 Cs 

l44 Ce 

Sandy-loam 

0.01 

1.33 

0.014 

Loam 

0.005 

0.29 

0.006 

Chernozem 

0.006 

0.06 

0.002 


distribution coefficients for the soil. This indicates the essential nature of the influence of 
both the physico-chemical properties of the radionuclides and the soil characteristics. 

Depending on the soil properties and the biological features of the plants, 89 Sr and 90 Sr 
accumulation fluctuates over a wide range (30—400 times). Thus, for grains/cereals, K a 
amounts to 0.6-2.8, while for tubers and potato tops it is 0.7-3.2 and 7.8-48 (Bq 90 Sr/kg 
dry mass of plant/kBq 90 Sr/m 2 ). The accumulation of l37 Cs by plants also changes by 
factors of 20-30 depending on the soil properties and 10 times according to the biological 
features of the plants. The value of K a for l37 Cs for agricultural plants changes from 
n x 10~ 3 tow x 10“' (on average, by a factor 5-10 times less than 90 Sr). 

The fission products 91 Y, 95 Zr, 95 Nb, l03 Ru, l06 Ru, l4l Ce and l44 Ce are poorly 
accumulated in agricultural plants because of their high absorption by soils. l06 Ru and, 
especially, l44 Ce are the least accessible to plants. However, the absorption of these 
radionuclides by plants from derno-podzolic sandy-loani soil ( K d ~ 0.01) is much greater 
than that from a chernozem/black earth ( K a ~ 2 x 10~ 3 -6 x 1CD 4 ) (see Table 8.4). Among 
the induced activities, 65 Zn is the most mobile and 60 Co the least. 

Concentrations of transuranic elements in fruits and grain are 10 2 — 10 3 times smaller 
than in leafy plants and vegetables. The accumulation of the transuranic elements by plants 
decreases in the order: Np > Am > Cm > Pu. 

According to laboratory experiments, the coefficients of accumulation of transuranic 
radionuclides by plants are in the range 1 CD 10 -1 CD 3 . The retention efficiency of particles 
by plants from atmospheric uptake increases as particle size decreases. Retention of 
radionuclides by grassy plants reaches 70-90%. After the radionuclides have settled on 
the plant surface, their removal by wind and precipitation begins. Maximum losses of the 
radionuclides occur in the first 2-3 days, with, during the first week, a halting time of 3-4 
days. Over the interval 7-34 days, the halting time is about 14 days. Up to 70-90% of 
the losses take place during the first week. Sometimes significant secondary contamination 
through wind redistribution, etc. occurs. Up to 32-58% of the Cs that is available on the 
surface of arable land is taken up by the plants, not via the roots but through secondary 
contamination. 

In summary, therefore, it can be stated that the hazards posed by radionuclides 
derived from nuclear explosions and accidents can be altered in a significant manner 
following their fractionation, transport and biological uptake. Only a small number of 
radionuclides hazardous to life then remain. For instance, included among the most 
dangerous radionuclides (for internal irradiation) released into the atmosphere by the 
Chernobyl accident were 131 1, the isotopes of plutonium (especially 241 Pu), l44 Ce, l06 Ru. 
90 Sr, 140 Ba, l 37 Cs, l32 Te, 239 Np and others. After consideration of all the transformations 
that take place outside the boundaries of the close-in fallout zone, the list of the most 



Table 8.5 

The main characteristics of the radionuclides released at the Chernobyl accident (note: DKsa is the permissible concentration in the atmosphere and DK Bw is the same 
for water) 


Radio 

DK Ba 

DK Bw 

Release 

Bk Ai(D 

Fractionation 

Fractionation 

A 

Distribution 

B 

Wind 

nuclide 

(KT 17 ) 

(10- 9 ) 

(%) 


near-zone 

far-zone 



coefficient 


migration 


(Ci/1) 

(Ci/1) 



North 

South 

North 

South 


Kd 



131, 

1.5 x 10 4 

1 

50-60 

2.4-3.2 x I0 18 

4-9 

0.9 

190-290 


1.0 

o 

T 

o 


Insignificant 

l37 Cs 

4.9 x 10 4 

15 

23-33 

2.2-3.3 x 10 17 

3-5 

0.6 

170-370 

55 

1.0 

< 1% 


90 Sr 

4 x 10 3 

0.4 

4-5 

1.7-2.5 x 10 17 

0.5 

0.5-4,0 

5.0-7.5 

2.5 

10 

10 -2 x 10 3 



144 Ce 

2.2 x 10 4 

12 

3.5 

3.2-4.9 x 10 18 

0.9-1.0 

1.0 

1.4-2.0 

1.4 

1/20 

10 4 —2 x 10 5 

«1% 


l06 Ru 

1.9 x 10 4 

12 

3.5-6.0 

7.9 x 10 17 -2.1 x 10 18 

0.6-1.5 

0.5-0.75 

20-30 

7.7 

1.0 

10 2 -10 3 

< 1% 


l40 Ba 

1.5 x 10 5 

25 

3.5 

4.8-5.7 x 10 ,s 

1-1.6 

0.8-1.0 

10-15 



10 2 -10 4 



239p u 

3.0 

2.2 

2-3 

8.0-9.6 x 10 14 

0.9-1.0 

1.0 

1.4-2.0 

1.4 

Insignificant 

10 2 -10 4 



24‘pu 

160 

110 

2-3 

1.7-1.9 x 10 17 

0.9-1.0 

1.0 

1.4-2.0 

1.4 


10 2 -10 4 




A — Transfer into vegetation from soil relative to l37 Cs (average); 

B — Migration with surface and underground waters (coefficient of mobility). 
1 Ci = 37 GBq. 
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Table 8.6 

Relative danger of radionuclides released after nuclear explosions and the Chernobyl accident with regard to their 
fractionation, mobility and biological accessibility 



Release 

Relative 

D^ba/D^bw 

Relative 

fractionation 

Transition into 
vegetation 
(relative) 

Migration 

Danger 

(relative) 




All nuclear explosions 



'Sr 

19 MCi 

1.0 

1.0 

1.0 

Insignificant 

1.0 

'Cs 

35 MCi 

10-30 

1.0-3.5 

0.1 

Insignificant 

0.01-0.1 







+extemal dose 




Chernobyl 



'Sr 

0.2 MCi 

1.0 

1.0 

1.0 

Insignificant 

1.0 

Cs 

2.0 MCi 

10-30 

50-500 

0.1-1.0 

Insignificant 

~30 


+extemal dose 


Note: DK|, a is the permissible concentration for the atmosphere; DK|, W is the permissible concentration for water. 


hazardous radionuclides then includes: for the Chernobyl accident— 13 *1 and 137 Cs; 
for nuclear explosions— 131 1, 90 Sr and 137 Cs and for the accident in the South Urals 
(Kyshtym)— 90 Sr (Tables 8.5 and 8.6). It is seen from Table 8.6 that, after nuclear 
explosions, 90 Sr is the most dangerous nuclide over long distances while, in the Chernobyl 
long-distance patterns, it is l37 Cs (a ten-fold danger). 


6. Practical Measures for the Restoration of Contaminated Territories 

6.1. Resumption of Economic Activity after the South Urals Accident (1957) 

For the first time ever, a restoration project on contaminated land was performed on a 
large scale after the accident in the South Urals (1957). Decontamination of productive 
agricultural areas and human settlements was pursued over a period of 1-1.5 years after 
the accident (Sokolov and Krivolutsky, 1993). Special troops equipped with specialized 
machinery including soil-tilling equipment were involved. 

In 1958, after conducting a survey of the boundaries of the contaminated regions and the 
level of contamination within them, about 106 x 10 3 hectares of land (55% agricultural, 
30% arable) were removed from economic use. One of the acute challenges that arose 
was to rehabilitate the land and return it to renewed economic use at levels of 90 Sr 
that would no longer be considered hazardous ( 90 Sr was the principal contaminating 
radionuclide released by this accident). It was found that 90 Sr accumulation in plants is 
crucially dependent on the agrochemical characteristics of the soil, especially the amount 
of exchangeable non-radioactive calcium. 

The accumulation of 90 Sr in a harvest was predicted by means of a general-purpose 
index, 4, the index of Klechkovsky (Aleksakhin and Korneev, 1991), which is equal to 
the ratio of the 9U Sr concentration in a plant (per unit concentration of calcium) to the 
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same function for the soil contamination (i.e., the ratio of the contamination density to the 
content of exchangeable calcium in the soil): 

j _ 90 Sr ve g (Ci/kg) /Ca veg (g/kg) 

k 90 Sr s (Ci/km 2 )/Ca s (mg — eq/lOOg) 

It was found that, under similar concentrations of radioactive contamination, grass (hay) 
was the most affected of all agricultural products. 90 Sr is accumulated to the least 
extent in potatoes and root-crops (other crops and beans are intermediate). The main 
principles for the reuse of the contaminated lands were formulated taking these features 
into consideration. 

6.2. Urgent Decontamination Efforts after the Chernobyl Accident 

As already noted, the first step to be taken in the restoration of an area is its deconta¬ 
mination, i.e., the removal and burial of the radioactive material. Urgent deactivation and 
cleaning of contaminated zones after the accident at Chernobyl were carried out during the 
period May-September 1986 (Kuntsevich, 1993). Included in these endeavors were: 

- Removal of the upper layer of contaminated ground; 

- Shielding of the radiation by paving the area with concrete or asphalt as well as 
covering the soil with gravel, rock-debris, sand or clean earth; 

- Localization of radionuclides through dust cementation/binding using special agents; 

- Demolition of the most contaminated buildings and burial of the ensuing radioactive 
waste. 

Deactivation of transport equipment, vehicles and machinery is not discussed here. 

The efficiencies of the different means of decontamination during the early period 
after the Chernobyl accident are indicated in the data shown in Table 8.7. During this 
decontamination period, ~200 km of roads were cleaned, 34 x 10 3 m 2 of concrete were 
laid, more than 20 x 10 3 t of asphalt were laid, an area larger than 10 6 nr was covered 
with rock-debris and more than 2 x 10 6 m 3 of contaminated ground were removed and 
buried in special waste sites. 

A proposal was made to cut a layer of soil 5-10 cm thick within the close-in zone for the 
purpose of burying the most hazardous radionuclides, the 239 Pu, first of all, being placed 
in special trenches, excavated at a distance of about 100 m from each other. Because the 
soils in this area (Polesje) are sandy and their active layer is very thin, this proposal was 
shelved. Actually, this disposal option would have resulted in the deprivation of the whole 
zone of its soil cover, thereby transforming it into a sandy zone completely open to sand 
and dust storms and hence to transport of the radioactive materials that would have been 
buried there. 

6.3. Restoration of Agricultural and Industrial Lands after the South Urals and 
Chernobyl Accidents 

When applying land improvement techniques to reduce the 90 Sr content in agricultural 
products, the technique of initial decontamination by burial of the upper layer of soil turned 
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Object of deactivation 

Means of deactivation 

Coefficient of 

deactivation 

Highly contaminated land with ra¬ 
diation level larger than 1 R/hr* 

Removal of the upper layer of ground, laying of 
concrete screens 

10-100 

Dirt roads 

Grading 

10-100 

Settlements and roads with a hard 
covering 

Single processing with washing solution 

1.2-1.5 


Multi-stage processing by the same agent or clays 

2-3 

Coastal zone 

Prevention of radionuclide transition into water 
by processing with sorbents 

Prevention of silt transport from inter-stream 
area between rivers Pripyat' and Dnieper by 
building dams and filtering coffer-dams 

10.5 

10.5 

Agricultural lands 

Reploughing, introduction of sorbents, fertilizers 
and potassium salts 

2-5 

Dusty sites on land, territory of 
nuclear power stations, roads 

Localization of radionuclides on the dusty sites 
using special agents 

10.0 


* 1 R/hr % 10 mGy/hr. 


out to be the most efficient. After the accident in the South Urals, the use of special ploughs 
made it possible to bury the contaminated layer down to a depth of 3CM0 cm and even 30- 
70 cm (with a reduction in the 90 Sr concentration in the ploughed layer of up to 5-50 
times). In this case, the accumulation level of 90 Sr in wheat decreased by 75% and in 
potatoes by 99%. 

The desired effect in the reduction of the uptake of radioactivity was intensified by 
applying mineral fertilizers to the soil’s arable layer and by lime pretreatment of acid 
soils. The zoological approach to the control of 90 Sr accumulation in the stock-breeding 
production program was through selection of the forage ration of minimum 90 Sr content 
and by increasing mineral additions of calcium to the fodder. 

The process of restoration of contaminated lands for economic use takes many years 
(in the South Urals, it has been possible in twenty five years to return an area of more 
than 50 x 10 3 hectares to economic use). Serious measures have been taken to restore 
contaminated lands for the re-establishment of forestry and fishery activities. More than 
80% of the land in the South Urals fallout areas where 90 Sr contamination levels were less 
than 74 GBq/km 2 (20 Ci/km 2 ) have been restored. 

Restoration of agricultural lands and industrial complexes to their normal state is the 
most important element of rehabilitation since it is exactly in these endeavors that the 
major portion of the radiation dose to the population occurs after contamination from 
a nuclear accident. The work of Korneev et al. (1993) was amongst the first published 
on this problem, presented at the 1st All-Union Conference on “Radiation aspects of the 
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Chernobyl accident” (June 22-25, 1988 in Obninsk, in the former USSR). Several periods 
in the organization of agricultural-industrial practices were recognized during the post¬ 
accident period, viz., 

- Operational organization of radiation control, sorting, grading and rejection of highly 
contaminated agricultural products and forage (10-12 days); 

- Radiological mapping of contaminated lands, start of land improvement measures, 
special technical processing of contaminated agricultural products (2-3 months); 

- Transition from the use of the sorting concept to zonal food production; scientific 
substantiation for a programme of management of the agricultural-industrial complex 
on the contaminated territory (1.5-2 years). 

Later, a permanent program for “clean” production was brought into being along 
with reorientation of the agricultural-industrial complex, where necessary. Obviously, in 
addition to the features of the radionuclide contamination, the biogeochemical parameters 
of the agricultural and industrial practices in the contaminated areas were also studied. 

It should be emphasized that the Chernobyl accident took place in an agricultural area 
within forested lowlands where forest sandy sod-podzolic soils are prevalent. Migration 
of 90 Sr and l37 Cs in the “soil-plant” chain proceeds rather intensively in such soils; 
and, from an agricultural viewpoint, the release of radioactivity took place in a most 
unfavorable period, i.e., the end of April and beginning of May. As we know, rather 
significant quantities of mobile radionuclides, i.e., I3I 1, 134 Cs, l37 Cs and 90 Sr, found their 
way into the environment as a result of this accident. 

Investigations have demonstrated that contamination of agricultural-industrial products 
(over and above the external gamma-radiation and possible impact of 131 1 and 239 Pu) is the 
most hazardous of effects. Direct radiation affects on animals and plants played a secondary 
role. Hence, the main efforts for rehabilitation and use of contaminated lands were directed 
towards limiting radionuclide transfer into these agricultural-industrial products (first of 
all with respect to l37 Cs since radiological analysis had shown that the cesium isotopes 
presented the greatest hazard). The reclamation of natural grasslands and pastures were 
amongst the leading actions that provided the maximum possible reduction of radionuclide 
transfer to plants from the soil. The radical amelioration of meadows (i.e., reploughing 
with turn-over of strips, followed by liming and application of minerals fertilizers) secured 
a reduction of 10-15 times in the radionuclide content of the grass. Here, the experience 
gained from the South Urals accident was used to the maximum degree. 

As, for the Chernobyl accident, l37 Cs was predominant in the mixture of long-lived 
radionuclides, potassium fertilizer played a major role in the reduction of its uptake by 
plants. The liming of acid soils and the addition of nitrogen, potassium and phosphorous 
fertilizers resulted in a decrease of the 137 Cs in the plants by 1.5-3 times. Certainly, the 
radionuclide accumulation in plants depends on soil type and the biological features of 
plants and these should be taken into account in rehabilitation measures. 

The restoration of meadows and pastures is a high priority since it favors a decrease 
in the l37 Cs content of milk (next in importance is meat). An efficient approach to this 
problem is to convert the milk into butter as well as feeding the animals with clean forage 
in the pre-slaughter period. The measures undertaken during the first two years after the 
accident in the agricultural-industrial fields resulted in a reduction in the dose to the 
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population from internal exposure by a factor of ten. More and more new means have 
appeared in recent years, some of which have been presented at a number of conferences 
(Izrael, 2000a & b; Zeevaert et al., 1997). Their use has resulted in even greater efficiencies 
in the rehabilitation measures used for contaminated lands, particularly in the industrial 
agricultural sector. 


Conclusions 

In conclusion, it should be noted once again that a huge amount of experimental material 
has been collected, analyzed and generalized in preparing this book and this material has 
been supplemented by theoretical studies of the processes of radioactive fallout formation 
and behavior subsequent to atomic explosions and accidents. 

Material that has appeared in the scientific literature since the 1950s has been carefully 
collected in this book. These are data that have never become outdated, as they are actual 
data obtained after the different nuclear weapons’ tests. We should keep in mind, however, 
that, for the most part, these data were secret at the beginning. The data contained here were 
collected as a result of the use of both theoretical and laboratory methods of investigation 
including aerial gamma-surveys of contamination of the atmosphere and surrounding land. 
Very fine methods of analysis of micro- and macro-objects were applied here (including 
investigations of the aerosol particles of fractions of microns). These data were necessary 
for the understanding of the processes of formation of aerosol particles, their distribution, 
for prediction of both the radiation situations and the radiological consequences of nuclear 
weapons' testing (both within the boundaries of test sites and beyond) in the atmosphere 
(including surface/ground explosions) and underground (including cratering). 

The great '‘break-through” in exchange of information on environmental contamination 
happened during the Soviet-American meetings and talks (1969-1971) devoted to the 
peaceful uses of nuclear energy. It then became clear that both Soviet and U.S. scientists, 
using similar methods, had obtained very similar data on radioactive contamination. At 
that time, U.S. specialists were able to gain access to additional data on the transfer of 
radionuclides into aqueous media under natural conditions, i.e., data that could never have 
been obtained from investigations in the dry desert soils of the Nevada test site. 

The book also contains important material on the radioactive contamination of natural 
environments after the accidents in the South Urals (especially in 1957) and at the 
Chernobyl nuclear power station in 1986. 

The basic contents of this book have been devoted to the behavior of radionuclides 
from the moment of their generation to their entry into all natural media and, then, along 
the food chains into animals and human beings. Emphasis was given to the fractionation 
of radionuclides and their mobility—starting from their distribution on aerosol particle- 
carriers to their solubility and biological accessibility. All these data are needed to 
understand and predict their transport and for the forecasting of both external and internal 
radiation doses to man. The last chapter was devoted to the deactivation and rehabilitation 
of contaminated territories for which the best information available about radionuclide 
mobility is especially necessary. 
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During recent years (in particular, after the Chernobyl accident), several international 
conferences and symposia were held where the radiological aspects of the consequences 
of nuclear explosions and accidents were discussed in detail. We should note here the 
conferences devoted to the Chernobyl accident, especially those in Minsk (Belorussia) and 
Vienna, Austria (10 years after Chernobyl), a series of conferences on the RADTEST and 
RADLEG projects and conferences that were supported by NATO. The proceedings of 
these meetings (actually collections of papers on nuclear energy related problems) present 
interesting data on radiological consequences. Important contributions to the information 
regarding the radiation situation after the Chernobyl accident have been presented in two 
detailed atlases—European and Russian contamination of the lands by 137 Cs and other 
radionuclides. These atlases were published in 1998. In April 2000, the International 
Conference “Radioactivity after Nuclear Explosions and Accidents” was held in Moscow, 
assembling many participants and attracting great interest. The first volume, out of a total 
of three (published in October 2000 and edited by Yu.A. Izrael), contains new material 
about the current radiation situation in the environment. 

The current publication, however, is the only monograph available that summarizes the 
substantial material on radioactive fallout after nuclear explosions and accidents. Thus, 
in the book “Nuclear Test Explosions. Environmental and Human Impacts”, published by 
J.W. Wiley (2000) and edited by Sir Frederick Warner and Prof. Rene J.C. Kirschmann. 
only one chapter is devoted to the radiation situation ( with participation of the author). This 
book is translated from the Russian volume of the same title, published in St. Petersburg in 
1996, but for this edition it has been supplemented with new data published for the period 
up to the end of 2000. 
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